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New Transmission Measuring Systems for Telephone 
Circuit Maintenance 


By F. H. BEST 


Transmission measurements on telephone circuits have long been 
recognized as essential aids in the furnishing of good service. Re- 
cent development work has produced new testing methods and 
apparatus which greatly simplify and expedite transmission meas- 
uring. This paper gives a brief description of the existing and the 
new arrangements. 


BOUT two decades ago pioneering work was being done in the 
development and introduction of methods and apparatus for 
the measurement of the transmission characteristics of local and toll 
telephone circuits, it having been realized that with the increasing 
complexity of the telephone plant, these measurements were necessary 
to insure satisfactory transmission performance. Transmission meas- 
urements now have a well established place in maintenance activity 
and development work is constantly in progress to improve the testing 
apparatus so that it can be operated more rapidly and conveniently, 
will cost less or do more things, and also to improve testing methods. 
The principle employed in making transmission measurements has 
not changed. A standard testing power is supplied to one end of a 
telephone circuit and the power received at the other end is measured. 
The ratio between these powers, expressed in decibels, is a measure of 
the transmission loss or gain in the circuit. The magnitude of the 
testing powers is small, the sending power for measuring being one- 
thousandth of one watt and the received power ranging from one 
ten-thousandth to one-millionth of a watt. Sensitive meters must be 
used, or the power amplified before measuring it. Direct-current 
meters are more sensitive than alternating-current meters and it is 
the practice to convert the weak received alternating current to direct 
current by means of vacuum tube or copper-oxide rectifiers and employ 
direct-current meters for measuring it. 
Until recently the developments have been along the line of im- 
provements in the apparatus itself, there being practically no change 
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in the general methods and arrangements employed. For the large 
toll offices where much testing is done the measuring apparatus has 
been installed at one or more points in an office, the installations 
being known as transmission test boards. From these points trunks 
radiate to repeaters, test boards, switchboards, etc., and the circuits 
and equipment to be tested are connected to them by patching cords 
or switchboard cords. The testing has been done by a trained force 
of transmission testers, this force often being separate from that of 
the test board attendants whose work has consisted chiefly in correcting 
line faults, signaling troubles, etc., which do not require transmission 
measurements for their location. 

In the local plant, testing has been done almost entirely with 
portable transmission measuring apparatus in the hands of a trans- 
mission testing force who travel from office to office, testing the cord 
circuits, switching trunks, etc., at intervals of one or two years. 
The measuring apparatus has been costly and its permanent installa- 
tion in each office could not be justified. The apparatus used in 
both local and toll testing has been described in anumber of articles.!:?:*- 

During the last few years new methods and apparatus have been 
developed and radical changes made that greatly improve the situa- 
tion both from an economic and operating standpoint. The new 
measuring instruments are much less costly than the types heretofore 
available and are as stable in operation and as simple to use as am- 
meters and voltmeters. In the local plant the decrease in cost and 
complexity and improvement in operating methods has justified per- 
manent installations in many of the larger offices while the newer forms 
of portable apparatus are being much more extensively distributed 
than earlier. types. For the toll plant the improvement consists in 
doing away largely with the centralized transmission testing point. 
The regular test board force now can make transmission measure- 
ments at their test boards and the repeater attendants can measure 
the performance of the repeaters while working on them. The work 
is so simple and the maintenance forces are so well trained that a 
special transmission testing force is not required. 

This change has been brought about by the development of new 
instrumentalities and improved circuits, chief among which are more 
sensitive meters, the copper-oxide rectifier and the negative feedback 
amplifier. Until recently, the most sensitive meters which were suit- 
able for general use would not measure the weak power used in trans- 
mission measuring so that amplification of this power was required. 
Using the alloy steels now available, meters of much greater sensitivity 
and equal ruggedness have been manufactured and transmission losses 
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of 20 db can be measured without an amplifier and without using 
abnormal testing power. Vacuum tubes formerly used to rectify the 
received alternating current testing power have been largely super- 
seded by the copper-oxide rectifier which is small, inert and requires 
no added power for its operation. The combination of this rectifier 
with sensitive meters greatly simplifies and reduces the cost of the 
measuring apparatus. Figure 1 shows the simplicity of the circuit 
of a transmission measuring set which will measure losses up to 20 db. 

While indicating meters have been used in transmission measuring 
for many years, it is only recently that they have been calibrated 
directly in db. This is the preferable way of measuring and its adop- 
tion has been delayed only because of the limitations of available 
apparatus and circuits which prevented a stable device from being 
developed. The earlier copper-oxide rectifiers were too unstable for 
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Fig. 1—Simplified circuit of transmission measuring set having a range of 20 db 
without an amplifier. 


measuring and until the development of the negative feedback ampli- 
fier, all vacuum tube amplifiers varied in amplification with changes 
in filament and plate voltage and the aging of tubes. The voltage of 
available power plants, while sufficiently stable for commercial use, 
caused the pointer of the meter in a transmission measuring set to 
fluctuate and over intervals of a few hours the change might be as 
much as one db. Smaller changes occurred frequently. These 
changes were slow enough so that measurements could be made, but 
they required frequent adjustment of amplifier gain to compensate. 
With such instability, the most rapid and accurate measurements can 
be made by using the comparison method of testing where a known 
“standard”’ power is attenuated by calibrated potentiometers or net- 
works until it equals the unknown received testing power. A meter 
in this case serves merely as a means for telling when the two are 
equal and the result is read from calibrated dials on the attenuator. 
A majority of the measuring sets now in the plant operate on this 
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“flip flop” principle. The use of these dials generally requires that 
the measuring instrument be built as a unit and that measurements 
be made at its location. The latter requirement often prevents its 
installation at the most desirable point because space is not available. 

For toll circuit testing in the larger offices where a considerable 
number of routine and trouble locating tests are made, the required 
frequency range and loss range are beyond the scope of a simple 
copper-oxide rectifier and meter. The ability to make level measure- 
ments is also a desirable feature. To meet these requirements, an 
amplifier is provided in the receiving circuit. By applying the nega- 
tive feedback principle to the amplifier and rectifier of the latest toll 
transmission measuring system a remarkably stable circuit has been 
obtained so that the meter can be calibrated directly in db and oper- 
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Fig. 2—Simplified circuit of reverse feedback amplifier rectifier used for toll circuit 
maintenance. 


ated for long periods without adjustment. This circuit, which is 
shown in simplified form in Fig. 2, consists of a high-impedance input 
transformer T bridged across a 600-ohm terminating resistance which 
may be removed when .evel measurements are made, two pentode 
' tubes 1 and 2, a copper-oxide rectifier R and a meter M. This com- 
bination has much more amplification than is required, so the excess 
is used to improve stability by introducing part of the output voltage 
into the input circuit of the first tube in such phase relation with 
respect to the applied input voltage that the net input voltage is 
reduced. This reverse or negative feedback voltage is introduced into 
the grid circuit of the first tube through resistances A, B and C by 
connecting one of the rectifier terminals to the movable arm of the 
potentiometer P. These resistances, and resistance D form the cath- 
ode drop resistance of the grid circuit and any potential applied across 
them affects the potential on the grid of the tube. In the position 
shown, the reverse feedback is a maximum and the net amplification 
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of the amplifier is a minimum. Moving the potentiometer arm to 
the lowest step gives less feedback and the amplifier net gain is greater. 

The principle of stabilization is as follows: If a constant potential 
is applied to the input terminals of the amplifier a constant potential 
will also be applied to the grid of the first tube. As long as the tubes 
or the rectifier do not change in characteristics the output of the 
rectifier will likewise be constant. Now if through any cause, such 
as a change in tube characteristics or in the rectifier, the gain of the 
amplifier-rectifier should increase, the output will increase and the 
neutralizing voltage fed back into the input circuit will also increase. 
This will reduce the voltage on the grid so that the net output voltage 
of the amplifier-rectifier will not be changed noticeably. Conversely, 
if a change in the tubes or the rectifier should cause a reduction in 
gain, the voltage fed back into the input circuit will decrease, there 
will be less feedback voltage and the output voltage will be substan- 
tially the same as before. The reverse feedback amplifier-rectifier 
is so stable that once it is adjusted to have the proper characteristics 
it will remain constant for long periods. 

The meters used with this amplifier-rectifier have a range of 15 db. 
This is less than the required measuring range so that it is necessary 
to increase it by changing the amplifier gain in steps of 10 db. The 
reverse feedback amplifier lends itself readily to this as the variation 
of a single resistance in the feedback circuit is sufficient and no ex- 
pensive balanced attenuators are required. In Fig. 2 this is done by 
potentiometer P. In practice this resistance is controlled by relays 
which form a part of the amplifier, these relays in turn being remotely 
controlled by keys, jacks or dials at various points in the office. 

The db meters can be located where desired without reference to 
the location of the amplifier-rectifier. They may also be placed in 
lantern slide projectors which throw a greatly enlarged meter scale 
on a screen so that it can be read from distances up to 50 feet or more. 
The new arrangements are extremely flexible, one set of equipment 
supplying measuring facilities for several different points in an office 
where previously several sets would be necessary. Where the use of 
the equipment is intermittent more than one meter may be used with 
a single amplifier-rectifier. The meters from which the results are 
read may be of the conventional indicating type which can be mounted 
on keyshelfs or on vertical panels, they may be of the projector type 
or they may be of the recording type which records on paper the 
characteristics which are being measured. All meters are interchange- 
able, being similar electrically. 

These new instrumentalities have removed many of the limitations 
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to the design of measuring systems and the recently developed arrange- 
ments are therefore better coordinated with other facilities than those 
which they replace. A few examples will be given to illustrate the 
recent advances in transmission measuring work. 


Fig. 3—Transmission measuring set developed about 1920 and associated genera- 
tor as used at a switchboard in testing cord circuits or interoffice trunks. Both units 
are required for either sending or receiving. 


Figure 3 shows the testing power generator and measuring set 
developed about 1920 for use in the local plant to measure central 
office equipment and interoffice trunks with testing power of a single 
frequency, the frequency employed usually being 1000 cycles. When 
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measuring circuits between offices, it is necessary either to have dupli- 
cate sets of equipment at the two ends of the circuit or to connect 
two circuits together at one end, testing them at the other end as one 
circuit. This latter arrangement, while not wholly satisfactory, has 
been the one generally employed because of the greater expense of the 


Fig. 4—Latest type of transmission measuring set as used at a switchboard. The 
associated generator shown in Fig. 5 is usually permanently mounted in the office 
and testing power is obtained through the multiple as shown. For one-way measure- 
ments on circuits between offices, the generator is connected to one end of the circuit 
— measuring set at the other, both units not being required at 
each end. 


other method which has involved not only two sets of expensive 
testing apparatus but two testers, these being necessary because the 
testing apparatus required frequent adjustment. If circuits between 
a group of offices in a city are to be tested between circuit terminals 
rather than by the looping back method, considerable time is con- 
sumed in traveling between offices when using this apparatus. 
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The new apparatus shown in Figs. 4 and 5 not only costs but one- 
tenth as much and weighs one-quarter as much as the older apparatus 
but also has electrical advantages which enable a new and improved 
measuring technique to be employed. The generator is a magneto 
inductor alternator driven by a 50-cycle or 60-cycle induction motor 
and gives a constant output without attention. The output is ad- 
justed at the factory or on installation. Some of these machines have 


Fig. 5—One thousand-cycle magneto generator used generally for transmission 
testing. Cover plate removed to show the generator construction. Overall length 
7 inches. 


been running continuously for about a year without showing any 
appreciable change in output. They can, therefore, be mounted 
permanently in an office and the output terminals wired to convenient 
testing points so that the generator need not be carried around. 
Because of this output stability, it is not only unnecessary to have an 
experienced tester at the distant end of the circuit but in the larger 
offices auxiliary switching equipment is arranged so that testing power 
can be supplied automatically to one end of the circuit by direction of 
the tester at the other end, who simply calls or dials a designated 
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NEW TRANSMISSION MEASURING SYSTEMS 9 


number over the circuit to be tested.” The testing power is cut off 
at the sending end when the connection is broken at the receiving end. 
Tests can be made in the same manner from private branch exchanges 
and subscribers’ stations without a charge being registered against 
the subscriber. 


Fig. 6—Small receiving set as used to measure the transmission loss of a sub- 
scriber’s line. The 1000-cycle generator has been connected to the ceatral office end 
of the line by calling a designated number. When the telephone instrument has been 
replaced on the mounting, the meter in the measuring set will read the line loss. 


The receiving set shown in Fig. 4 is based on the electrical circuit 
of Fig. 1. It has a transmission range of 20 db, and is provided with 
all the jacks and facilities required for testing cord circuits, trunks and 
central office equipment. A still smaller and less expensive receiving 
set of a similar type having a 10 db range is shown in Fig. 6. It is 
extremely portable and light and is useful for work where the limited 
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range is sufficient. Jacks and other testing coriveniences have been 
omitted to save bulk and cost. 


Fig. 7—Transmission testboard for maintaining long distance circuits. 


The new instruments for the local plant are not limited to local 
testing but also have extensive application in the toll plant especially 
in the smaller offices which do not have many toll circuits. Because 
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of its excellent performance the 1000-cycle generator shown in Fig. 5 
will be used generally in the toll plant for 1000-cycle testing. 

Figure 7 shows several positions of the transmission test board now 
widely used for measuring toll telephone circuits. Introduced in 1926, 
it preceded the development of the reverse feedback amplifier-rectifier 
and the transmission measuring set used in this board is therefore of 
the comparison type in which the results are read fron calibrated 
dials. Testing power is provided by a variable frequency oscillator 
from which frequencies in the voice range can be obtained. The size 
of this equipment precluded its being installed in test boards which 
contain the circuit terminals so that trunks between the measuring 


Fig. 8—New amplifier rectifier for general use in toll transmission maintenance. 


equipment and these terminals are necessary. In large offices a num- 
ber of these transmission test boards have been provided. 

Figure 8 shows the new reverse feedback amplifier-rectifier used 
with the latest toll transmission measuring system. This simple panel, 
which is about one-fourth the size of the measuring set employed in 
the test board shown in Fig. 7, contains everything required at the 
receiving end of a circuit excepting the meter and the keys for changing 
the measuring range. With its associated meter and keys, it is less 
than one-half as expensive as corresponding elements in the trans- 
mission testboards. It can be used with the variable frequency 
oscillator shown in Fig. 7 or with the 1000-cycle machine shown in 
Fig. 5. 

The meters used with this amplifier-rectifier have a specially de- 
signed magnetic circuit which gives an evenly spaced scale on the 
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meter. A conventional meter would have large db divisions at one 
end of the scale and small ones at the other. 

When a direct reading transmission measuring set is used to make 
measurements over a wide frequency range, it is essential that the 
response be the same at all frequencies. Variation of response of the 
new feedback amplifier-rectifier with frequency is so small that it can 
be calibrated with 1000-cycle current and measurements made over a 
wide frequency range without recalibration. 

From the standpoint of efficiency, the best place for making trans- 


Fig. 9—Projection meter as used for measuring transmission at a secondary testboard. 
The meter is being read by the third man from the right. 


mission measurements on complete toll circuits is at the test board 
to which all troubles are reported by the operator and where overall 
signaling and other operating tests are made. Practically all of the 
space in this board is taken up by jacks on which the circuits terminate 
so that the older types of measuring set could not be provided at this 
point. The new arrangement is ideal for application to this type of 
board since all that is required in the board are the meter and a few 
jacks or keys for controlling its range. This type of measuring device 
can be applied equally well to new and existing boards of various types. 
This feature is of particular value as the maximum efficiency of high- 
speed measuring systems can be obtained only when all test boards 
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are equipped with them. Two arrangements are available for test 
board use. One employs a conventional type of meter mounted in 
the keyshelf or on a panel and the other employs the projection type 
of meter which is illustrated in Fig. 9.6 The method of operation is 
simple. When a transmission test is to be made the tester listens 
until he hears the tone caused by testing power coming over the circuit 
from the distant generator, then connects the circuit to a jack in which 
the measuring set input terminates. The meter indicates immediately 
the net loss of the circuit at the testing frequency. With the projec- 
tion meter arrangement the lamp in the projector is turned on automat- 
ically when a connection is made to the test jack. 

The new amplifier-rectifier will measure transmission losses and 


Fig. 10—Noise measuring set. 


gains and also transmission level. For the latter type of measurement 
the input impedance of the amplifier is raised to a high value so that 
it is, in effect, a voltmeter. This change in impedance can be made 
from a remote point, a relay for making the change being a part of 
the amplifier. 

In addition to the measurement of transmission losses, gains and 
levels on telephone circuits, it is also necessary at times to make 
measurements of noise on the circuit. This noise may be caused by 
currents induced by power systems or from power plants in the 
telephone offices or it may be in the form of crosstalk, sometimes un- 
intelligible, from other telephone circuits. Noise measurements are 
now made with meter indicating devices, the latest type of self- 
contained portable noise measuring set being shown in Fig. 10.° 
Where enough noise measurements are made to justify a permanent 
installation, an arrangement similar to that described for transmission 
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measurements can be used. While a different amplifier-rectifier is 
required for noise measurements the same meters and methods of 
control can be employed as for transmission measurements. 

All of the methods so far described are manually operated in so far 
as the recording of the results is concerned. There are occasions when 
a fully automatic recording device is desirable.4 Such cases are the 
making of transmission versus frequency runs on repeaters or circuits 
where measurements are desired over a wide range of frequencies. 
Another class of measurements are those in which the single-frequency 
transmission loss of a circuit is to be determined over a long period of 
time to obtain a measure of the stability of the circuit. For this 
purpose the new method of measuring transmission is well adapted. 
With a stable amplifier-rectifier having practically no frequency dis- 
tortion, the indicating meter may be replaced by a recording meter 
which will record continuously the received power expressed in db. 
A fully automatic recording system is shown in Fig. 11. With this 
arrangement an oscillator at one end of the line supplies testing power 
to the line, the frequency of the power being changed continuously 
by a synchronous motor. At the receiving end the recording meter, 
also operated by a synchronous motor, plots the received power. A 
complete transmission frequency run on a message telephone circuit 
can be made in less than one minute. When records are to be made 
of transmission vs. time, the oscillator frequency at the sending end 
is fixed and the meter plots the transmission loss at that frequency. 

The above description has been limited to the types of measure- 
ments commonly made on complete circuits or parts of circuits. In 
addition to these there are a number of types of measuring apparatus 
which are used in connection with the installation of new equipment, 
changes in installations and the detailed running down of trouble. 

Transmission measurements have proved to be of great value in 
maintaining satisfactory transmission performance of telephone cir- 
cuits. Periodic routine tests avoid service impairment by detecting 
troubles. Troubles which are thus detected or which cause service 
complaint are located readily. Another large field of use is in the 
adjustment of repeaters and complete circuits to prescribed trans- 
mission characteristics. The importance of this work to the Bell 
System is indicated by the fact that there are nearly 1000 of the 
portable transmission measuring equipments and 1500 transmission 
test boards now in use, with which several million measurements are 
made annually. The new measuring systems enable this work to be 
done more rapidly than in the past, and the reduced cost of the 
equipment is resulting in its greater distribution. 
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Fig. 11—Automatic recording transmission measuring system. 
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The Impedance Concept and Its Application to Problems of 
Reflection, Refraction, Shielding and Power Absorption 


By S. A. SCHELKUNOFF 


This paper calls attention to the practical value of a more ex- 
tended use of the impedance concept. It brings out a certain 
underlying unity in what otherwise appear diverse physical phe- 
nomena. Although an attempt has been made to trace the history 
of the concept of ‘‘impedance”’ and many interesting early sug- 
gestions have been found, reference to these lies beyond the scope 
of this paper. Apparently, Sir Oliver Lodge was the first to use 
the word ‘‘impedance,”’ but the concept has been developed grad- 
ually as circumstances demanded through the efforts of countless 
workers. 

The main body of the paper is divided into three parts: Part I, 
dealing with the exposition of the impedance idea as applied to 
different types of physical phenomena; Part II, in which the 
general formule are deduced for reflection and transmission co- 
efficients; Part III, presenting some special applications illustrating 
the practical utility of the foregoing manner of thought. 


HE term ‘‘impedance”’ has had an interesting history, in which 

one generalization has suggested another with remarkable rapid- 
ity. Introduced by Oliver Lodge,' it meant the ratio V/J in the 
special circuit comprised of a resistance and an inductance, J and V 
being the amplitudes of an alternating current and the driving force 
which produced it. This was soon extended to the somewhat more 
general circuit consisting of a resistance, an inductance coil and a 
condenser.?, The usage did not develop much further until the use of 


1 Dr. Oliver Lodge, F.R.S., ‘‘On Lightning, L ae Conductors, and Lightning 
Protectors,” Electrical Review, May 3, 1889, 


It is interesting to note that the first ase was to introduce a new word 
rather than to extend the meaning of the old term. Thus in 1892, F. Bedell and 
A. Crehore write as follows: ‘‘From the analogy of this equation to Ohm's law, we 


see that the expression 4/Rt + (z = le) is of the nature of a resistance, and 


is the apparent resistance of a circuit containing resistance, self-inductance and 
capacity. This expression would quite properly be called ‘impedance’ but the term 
impedance has for several years been used as a name for the expression VR? + Lia?, 
which is the apparent resistance of a circuit containing resistance and self-inductance 
only. We would suggest, morciore, that oy word ‘impediment’ be adopted as a 


name for the expression * which is the apparent resistance of a 
circuit containing resistance, self-induction and capacity, and the term impedance be 
retained in the more limited meaning it has come to have, that is VR* + L’u#, the 
17 
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complex quantities, which had begun early in the nineteenth century 
among mathematicians, was popularized among engineers by Kennelly 
and Steinmetz. Then the proportionality relation V = ZJ, which had 
previously been true only if V and J were interpreted as amplitudes, 
acquired a more general significance, for it was found that this relation 
could express the phase relationship as well, provided Z was given a 
suitable complex value. 

An important generalization came when the close similarity of the 
laws connecting V and J in an electric circuit to those governing force 
and velocity in mechanical systems suggested that the ratio ‘‘force/ 
velocity’’ be called a ‘‘mechanical impedance.’’ This usage is now 
well nigh universal. 

The next step was a short one: it amounted to extending the term 
to include also the ratio ‘‘force per unit area/flow per unit area”’; that 
is, ‘‘pressure/flux.”” This usage is well known in such fields as acous- 
tics, but it has not penetrated as far into the electrical field as con- 
venience seems to warrant. 

If we read these remarks with a view to appraising the direction in 
which future growth might be expected, we are immediately impressed 
by the strong trend toward interpreting the ratio ‘‘force/velocity”’ in 
an ever widening sense. It is my purpose in the present paper to 
indicate some further extensions which I have found to be useful. 
They are founded upon five basic ideas. The first is to recognize 
and use whenever possible analogies between dynamical fields in which 
the impedance concept is common and others (heat, for instance) in 
which it is not. The second is the idea of extending the V/J relation 
from circuits to radiation fields, in much the same way that the 
‘‘force/velocity’’ concept has been made to embrace “‘pressure/flux”’ 
in hydrodynamics. The third is, to regard the impedance as an attri- 
bute of the field as well as of the body or the medium which supports 

- the field, so that the impedance to a plane wave is not the same as 
the impedance to a cylindrical wave, even when both are propagated 
in infinite “free space.’ The fourth basic idea is that of assigning 
direction to the impedances of fields. This does not mean, however, 
that the impedances are vectors; in fact, they are not, since they fail 
to obey the laws of addition and the laws of transformation peculiar 
to vectors. And finally the fifth is a generalization of the idea of a 
one-dimensional transmission line or simply a transmission line. While 
apparent resistance of a circuit containing resistance and self-induction only.” 
Frederick Bedell and Albert C. Crehore, ‘‘ Derivation and Discussion of the General 
Solution of the Current Flowing in a Circuit Containing Resistance, Self-Induction 


and Capacity, With Any Impressed Electromotive Force,’ Journal A. I. E. E., Vol. 
IX, 1892, pp. 303-374, see p. 340. 
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all physical phenomena are essentially three-dimensional, frequently 
all but one are irrelevant and can be ignored or are relatively unimpor- 
tant and can be neglected. In the mathematical language, this 
means that only one coordinate (distance, angle, etc.) is retained ex- 
plicitly in the equations of transmission. 

The paper is divided into three parts. Part I discusses broadly the 
ratios to which the term ‘‘impedance”’ can appropriately be applied 
in a wide variety of physical fields, ranging from electric circuits and 
heat conduction to electromagnetic radiation. In this part the con- 
cept is gradually broadened until at the end it has acquired the prop- 
erty of direction mentioned above. Parts II and III consider the 
general laws governing reflection, refraction, shielding and power 
absorption, and rephrase them as theorems regarding the generalized 
impedances. To make the illustrations more effective, familiar ex- 
amples are chosen. 


PART I 
THE IMPEDANCE CONCEPT 
ELEcTRIC CIRCUITS 
In an electric circuit comprised of a resistance R and an inductance 


L, the instantaneous voltage-current relation is described by the fol- 
lowing differential equation 


oo + Rly = Vo, (1) 
where Vo is the applied electromotive force. If Vo varies harmonically 
with frequency f, ultimately Jo will also vary harmonically with fre- 
quency f. What happens is that the solution of (1) consists of two 
parts, the transient part and the steady state part, the former decreasing 
exponentially with time and the latter being periodic. 

The steady state solution of (1), or indeed of the most general linear 
differential equation with constant coefficients, can be found by means 
of a simple mathematical device based upon the use of complex num- 
bers. Thus if Vo and J) vary harmonically, they may be regarded as 
real parts of the corresponding complex expressions Ve‘! and Je*, 
where f = w/2m is the frequency. The quantities V and J are complex 
numbers whose moduli represent the amplitudes and whose phases 
are the initial phases (at the instant ¢ = 0) of the electromotive force 
and the electric current. The time rate of change of J, is then the 
real part of the derivative of Je‘, that is, the real part of iw/e‘*. 

If we form another equation after the pattern of (1), replacing J 
and Vo by the imaginary part of Jet and Ve‘, and add the new 
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equation to (1), we shall have 


+. = Veet, 


Differentiating and cancelling the time factor e“', we obtain 
(R + iwL)I = 


The ratio Z = V/I = Ve'/Te**' is called the impedance of the elec- 
tric circuit. In the present instance 


Z=R+ WL. 


In general, the impedance Z = R + 1X has a real and an imaginary 
part, the former being the resistive component of the impedance and 
the latter the reactive. 


MECHANICAL CIRCUITS 


Linear oscillations of a mass in a resisting medium are described by 
equations identical with (1) and (2) except for the customary differ- 
ence in lettering 


m + = Feit 


In this equation, v represents the velocity and F the applied force, 
m the mass and r the resistance coefficient. The mechanical im- 
pedance is then 

Z=rtiom. 


Similarly, for torsional vibrations the impedance is defined as the 
ratio ‘‘torque/angular velocity.” 


ELECTRIC WAVES IN TRANSMISSION LINES 


Let x be the distance coordinate specifying a typical section of an 
electric transmission line. Let the complex quantities V and J be 
the voltage across and the electric current in the transmission line.* 
Then the space rate of change of the voltage is proportional to the 
current and the space rate of change of the current is proportional to 
the voltage 

dV _ dI 
ZI, YV. (2) 


? The time factor e“* is usually implicit. 
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The coefficients of proportionality Z and Y are known as the dis- 
tributed series impedance and the distributed shunt admittance of the 
line; they depend upon the distributed series resistance R, shunt con- 
ductance G, series inductance L and shunt capacity C in the following 
manner : 

Z=R+ Y=G+ w0l. (3) 


In a generalized transmission line Z and Y may be functions of x 
and may depend upon w in a more complicated manner than that 
suggested in (3). 

If Z and Y are independent of x, (2) possesses two exponential 
solutions : 


I+ = 


I- = Bel=tist, 
where 


r=a+ip = 2 


It is customary to designate by IT that value of the square root which 
is in the first quadrant of the complex plane or on its boundaries; the 
other value of the square root is — I. 

The two ‘‘secondary”’ constants I and Zp are called, respectively, 
the propagation constant and the characteristic impedance. The real 
part a of the propagation constant is the attenuation constant and 8 
is the phase constant. 

Equations (4) represent progressive waves because an observer 
moving along the line with a certain finite velocity beholds an un- 
changing phase of Vand J. This velocity c is called the phase velocity 
of the wave. Setting x = ct in the upper pair of (4), we obtain the 
condition for the stationary phase 


— 


Hence, V+ and J+ represent a wave traveling in the positive x-direc- 
tion. Similarly we find that V~- and J~ represent a wave traveling 
in the opposite direction. 

Consider two points in which the phases of V and J differ by 2x 
when observed at the same instant; the distance \ between these 
points is called the wave-length. By definition 
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If the transmission line is non-uniform, that is, if Z and Y are func- 
tions of x, then the solutions of (2) are usually more complicated. 
In any case, however, there are two linearly independent solutions 
I*(x) and I~(x) in terms of which the most general solution can always 
be expressed 

I(x) = AI*(x) + BI-(x). 


These independent solutions may represent either progressive waves 
in two opposite directions or certain convenient combinations of such 
waves. 


The corresponding V-functions are found by differentiation from 
(2); thus 


The impedance of the V*, J+-wave is then 


Vt(x) 1 dI* 


Similarly the impedance of the V~, J~-wave is 
Zo (x) = ). (S) 


The negative sign in (5) is merely a matter of convention: the “ posi- 
tive’ and the ‘‘negative’’ directions of the transmission line are so 
defined that the real parts of Zo+ and Z,~ are positive. 

In general, Zo+ and Z,~ are not equal to each other. Moreover, 
there is a considerable amount of arbitrariness in our choice of the 
basic solutions J+ and J~. Thus, we are brought face to face with 
the fact that we must regard the impedance as an attribute of the 
wave as well as of the transmission line. This point of view will 
become even more prominent when we come to deal with the wave 
transmission in three-dimensional media. There even progressive 
waves may have different characters (they may be plane, cylindrical, 
spherical, etc.) and the impedances of the same medium to these waves 
will be different. And naturally, it goes without saying that the 
impedances to like waves in different media may also be different. 
One could, perhaps, take the position that geometrically similar 
waves in different media are not really alike if the corresponding 
‘force/velocity’’ ratios are not equal and that under all circumstances 
the “impedance” is the property of a wave. However, ‘intrinsic im- 
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pedance”’ will be used to designate a constant of the medium without 
reference to any particular wave. 


VIBRATING STRINGS 
In strings under constant tension rt, simply periodic waves may be 
described by the following two equations: 


dF dv tw 
(r + twm)v, 


where m is the mass and r the resistance per unit length of the string. 
The variable F represents the force on a typical point of the string at 
right angles to the string and v is the velocity at that point. 

Hence the characteristic impedance and the propagation constant 
are given by 


Z, f(r + iwm) =. 
Ww T 


In the non-dissipative case we have simply 


—  |m 
Zo = = w 
Nr 


HEAT WAVES 


Transmission of heat waves is also a special case of the generalized 
transmission line theory. In the one-dimensional case we have 


oF 
ox ox at ’ 


where: 7 is the temperature, v the rate of heat flow, A the thermal 
conductivity, 6 the density and c the specific heat. For simply peri- 
odic waves, we obtain 
Sa 
dx 
Thus the characteristic impedance and the propagation constant of 
heat waves are 
1 iweb 
a NK 


The ratio ‘‘the temperature of the source/the rate of heat flow from 
the source" is the impedance ‘‘seen’’ by the heat source. 
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ELECTROMAGNETIC WAVES 


The transmission equations of uniform linearly polarized‘ plane 
waves are: 


where: E is the electric intensity, H the magnetic intensity, and g, e, u 
are, respectively, the conductivity, the dielectric constant and per- 
meability of the medium. These equations are of the same form as 
(2). Even the physical meanings of E and H are closely related to 
those of V and J; thus £& is V per unit length and H is I per unit 
length. 

The propagation constant and the characteristic impedance of an 
unbounded medium to linearly polarized plane waves are: 


_ tou 
gtiwe gt iwe 


o = Viwu(g + iwe), n= 
These constants are so directly related to the fundamental electro- 
magnetic constants of the medium that they themselves may be re- 
garded as fundamental constants. On this account, we call o and », 
respectively, the intrinsic propagation constant and the intrinsic im- 
pedance of the medium. The intrinsic impedance will frequently occur 
as a multiplier in the expressions for the impedances of various types 
of waves. 

The intrinsic impedance of a non-dissipative medium is simply 
n = Vu/e; in air, this is equal to 1207 or approximately 377 ohms.* 
Thus in the uniform linearly polarized plane wave traveling in free 
space, the relation between E and H is 


E=120ceH or E = 377H, 


provided the positive directions of E and H are properly chosen. 

An electromagnetic field of general character can be described by 
means of three electric components E,, E,, E,, and three magnetic 
components H,, H,, H, We can form the following matrix whose 
components can be regarded as impedances: 


4In this connection the word ‘‘uniform” is used to mean that equiphase planes 
are also equi-amplitude planes. 

* See the letter from G. A. Campbell to Dean Harold Pender reproduced at the 
end of this paper. 
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H, 


The algebraic signs preceding the ratios of components with different 
subscripts are assigned as follows. If a right-hand screw is rotated 
through 90° from the positive axis indicated by the subscript in the 
numerator toward the positive axis indicated by the subscript in the 
denominator, it will advance either in the positive or in the negative 
direction of the remaining axis. In the former case the ratio is given 
the positive sign and in the latter the negative sign. This convention 
happens to be particularly convenient in expressions for the Poynting 
vector. 

Thus two impedances are associated with any pair of perpendicular 
directions, the x-axis and the y-axis, let us say; these impedances are: 


If these two impedances are equal, then we define the impedance in 
the direction of the positive z-axis as follows: 


Similar definitions hold for the impedances in other directions. 

While the impedances as now defined possess an attribute of direc- 
tion, they are neither vectors nor tensors because they do not add in 
the proper fashion. However, in practical applications this lack of 
vectorial properties does not seem to be a drawback. 

The above definitions can be extended to other systems of coordi- 
nates. Let r be the distance of a point P (r, 6, ¢) from the origin of 
the spherical coordinate system, 6 the polar angle or colatitude and 
¢ the meridian argle or the longitude (Fig. 1). Then the ‘‘radial’’ 
impedance in the outward direction is defined as 


(6) 


provided the two ratios of the field components are equal. The radial 
impedance looking toward the origin is defined as the negative of (6). 
Similarly the “meridian” impedance in the direction of increasing @ 


— 
4 
| 
|| 
E 
| His —, 
4 
4 
4 
4 
q 
Hy, LZyz = — 
H 
z 
j 
4 1, 
4 
mie 
Z== E 
4 
a 
q 
4 
: 


26 BELL SYSTEM TECHNICAL JOURNAL 


Fig. coordinates. The positive directions of r-, 0-, and ¢-components 


a vector are, respectively, the directions of increasing r, 6, and ¢. 


and the impedance in the direction of increasing ¢ are: 


~ 


a= H, 


In cylindrical coordinates we have (Fig. 2): 


Hi,’ 
Z 
AF, 
‘p 


Fig. 2—Cylindrical coordinates. The positive directions of p-, ¢-, and z-components 


of a vector are, respectively, the directions of increasing p, ¢, and z. 
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Usually it is only one of the entire set of three-dimensional imped- 
ances that is of particular importance, the preferred direction being 
frequently the direction of the wave under consideration. When the 
ratios involved in the above definitions are unequal, it is expedient to 
resolve the field into component fields for which the ratios are equal. 
We shall now consider some special examples. 

The field of the spherical electromagnetic wave emitted by a Hertzian 
doublet is known to be 


( 1 


E nlle-*" 


+ 
Hg (1 + ) sin 4, 


where: J/ is the moment of the doublet in ampere-meters, r is the 
distance from the doublet, @ the angle made by a typical direction in 
space with the axis of the doublet, and ¢ is the angle between two 
planes containing the doublet, one of which is kept fixed for reference. 
The radial impedance of this wave is 

1 


or 


or 


or 


In a non-dissipative medium this becomes 


At a distance large compared with the wave-length, the radial im- 
pedance to the spherical wave emitted by a doublet is substantially 
equal to the intrinsic impedance of the medium. Very close to the 
doublet (compared with the wave-length) the radial impedance is sub- 
stantially a capacitive reactance; in fact, we have approximately 
Zot = 1 /iwer. 

Reversing the sign of o in (7), we obtain a spherical wave traveling 
toward the origin. At first sight, this inward bound wave appears to 
be the natural mate to the outward bound wave. Two such waves 
move in opposite directions in the same sense in which two plane 
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waves spread out from a plane source in an infinite homogeneous space. 
However, the analogy is not complete. The inward bound spherical 
wave cannot exist without an appropriate receiver of energy at the 
origin. In absence of such a receiver, the energy condenses at the 
origin and spreads outward again. The result of interference between 
two such progressive waves will be called the “internal’’ spherical 
wave.> It is natural to regard a thin spherical source in an infinite 
homogeneous medium as an analogue of a thin plane source and to 
consider the waves on the two sides of such a spherical source as the 
mates. In accordance with this idea the (+) and the (—) signs are 
used to distinguish between the waves produced by a source on its 
two sides rather than to indicate ‘‘ progressive’? waves moving in oppo- 
site directions. This attitude is not only a possible and a natural 
attitude but almost a necessary one in view of the fact that no gen- 
erally applicable criterion is known by which “ progressive’ waves 
could be identified in any particular case. As often happens, in simple 
situations there is no need for arguing as to which attitude is the more 
proper one; thus the waves on the two sides of a plane source in an 
infinite homogeneous medium are two progressive waves moving in 
opposite directions. 
The field of the internal spherical wave is 


_ _ ( _ coshor , sinhor)\ 
= or + ) né, 
= = ( sinh or — cosh cr) cos 6, 
Tr or 


Hy = (sme — cosh cr) sin 0. 
2rr or 


The corresponding impedance is then 


cosh or , sinh or 


sinh or — 
Z-= or + o*r? 
cosh or — —— 
or 


Close to the origin we have approximately 


(g + twe)r” 


_ 5 If the medium is non-dissipative, this wave is a standing wave; but, in general, 
it is simply a combination of two progressive waves in such proportions that the field 
is finite at the origin. 
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If the source of electromagnetic waves is a small coil rather than 
a small doublet, the field is 


E, 1+ sin 8, 


2 —or 
(1 +2 +) sina, 
or 


or 


/ 1° 
H,*+ (1 + = ) cos 


\ 


om 


In this equation J is the current in the loop and S is the area. The 
corresponding radial impedance is then: 


1 

2+ = _ 

1+—+ 

or 


or 


This impedance approaches 7 as r increases indefinitely. Close to the 
loop we have approximately 


Z,* = twyr. (9) 


The field of the internal wave having the same type of amplitude 
distribution over equiphase surfaces as the diverging wave (8) is 


2 
E- = no?A 


ar sin 6, 


( sinh =") 
cosh or — ——— 
or 
oA /. cosh or , sinhor\ . 
(sinh ort ) 6, 


or 


H- = 


rr? 


or 


oA eo or 


— cosh or) cos 6. 


The radial impedance to this wave is then 


sinh or 
or 
cosh or sinh or’ 


sinh or — 
or + or? 


cosh «r 


Close to the origin we have approximately 
= }iwyr. (10) 


A line doublet formed by two parallel electric current filaments 
produces a cylindrical wave. Close to the doublet (compared with 
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the wave-length) we have 


= = — ¢. (11) 
In this equation J] is the moment of the doublet per unit length, 
I being the current and / the distance between the filaments. These 
equations are well known in the elementary theory of electromag- 
netism. The electric field is obtainable from (11) with the aid of 
Faraday’s law of electromagnetic induction. This field and the corre- 
sponding radial impedance are 


E,* = cos ¢, Z,* = twup. (12) 
p 


The exact field of the line doublet and the corresponding radial 
impedance are: 


2 2 
Et Ki(sp) cosy, Het = oll K\'(ep) cos ¢, 
K,(op) 
IT, sin ¢, "Ky (ap) 


The internal cylindrical wave with the same relative amplitude 
distribution over equiphase surfaces as in the wave originated by the 
line doublet is ® 


E,- = cos ¢, = cA cos ¢, 
A 
H, = I\(op) sin ¢, = "Ti 
Close to the doublet we have approximately 
E, = twuPp cos ¢, H, = P cos ¢, 
= P sin ¢, Zp = 


Another familiar field is that produced by two parallel line charges 
in a perfect dielectric. Close to the doublet this field is 


ree ql sin ¢ ron ql cos ¢ 
y+ 


6 The symbols J,(x) and K,(x) designate the modified Bessel functions as defined 
in G. N. Watson's “ Bessel Functions.” 
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ql being the moment of the doublet. The last equation is obtained 
from the first two with the aid of Ampére’s law. The exact expressions 
for any medium are 


Ej =- Ky'(ep) sin ¢, E,*> = iwgly Ki (ap) cos ¢, 
H; K,(ep) sin ¢, : 
For an internal cylindrical wave, we have 
E,- = Aal;'(ap) sin ¢, E,- = ——I(ep) cos ¢, 
Close to the doublet this becomes substantially 
E,- = P sin ¢, E,- = — P cos ¢, 
P(g + 1we) p sin ¢, = (g 


In concluding this set of examples we shall emphasize the fact that 
the impedance to a wave depends upon the particular manner in which 
the applied electromotive force is distributed in space, in very much 
the same way as it depends upon the manner of distribution of this 
force in time, that is, upon the frequency of the wave. Just as the 
impedance has a meaning only if the applied electromotive force varies 
harmonically with a certain well defined frequency,’ there are definite 
types of applied force distribution in space for which the impedance 
has a meaning and other types for which it has not. Arbitrary spatial 
distributions of force may be decomposed into ‘‘space harmonics” in 
a manner analogous to Fourier’s frequency analysis of arbitrary time 
distributions of force. This is just another way of interpreting the 
well-known method of solving Maxwell's equations with the aid of 
characteristic wave functions. 

Here is a simple example of the dependence of the impedance to 
a wave upon the manner of applied force distribution. Consider the 
wave generated by an infinite electric current filament of radius a 

7 Strictly speaking, the impedance concept is applicable to any impressed force 
which varies exponentially with time, the exponent being in general a complex 
number. The only exceptions are the exponents which are either zeros or infinities 


of the impedance function. Undamped impressed forces constitute merely an im- 
portant subclass of exponential forces. 
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when the electromotive force driving the current is distributed uni- 
formly along the filament. In this case we have 


nl K o(ap) 
27aK,(oa)’ 


Ko(op) 
Ki(ap)’ 


H, = IK,(ap) 


~ 2naK,(oa)’ 


Z,= 
where J is the current in the filament. On the other hand if the 
electromotive force is applied to the filament with a uniform progres- 
sive phase delay so that it varies along the filament as e~“* for in- 
stance, then the field and the impedance are 


PART II 
REFLECTION, REFRACTION, SHIELDING AND POWER 


ABSORPTION—GENERAL FORMULA 
UNIFORM TRANSMISSION LINES 


While the following discussion refers specifically to an electric trans- 
mission line, the results apply to all generalized transmission lines of 
which the former may be considered typical. These results depend 
upon certain boundary conditions and are not influenced by the names 
of the variables. 

Consider a semi-infinite transmission line terminated by a pre- 
scribed impedance Z;. Suppose that an “‘impressed’’ wave is coming 
from infinity. If V,and J; are the voltage and the current, their ratio 
must equal the characteristic impedance Zo of the wave. On the 
other hand, the ratio of the voltage across the impedance Z,; to the 
current through it is Z; by definition. Thus, unless Z; is equal to Zo, a 
‘‘reflected’’ wave must originate at the terminal and travel backwards. 
Let V, and J, be the voltage and the current of the reflected wave at 
the terminal. The total values of the voltage and the current will be 
designated by V; and J;. Then at the terminal 


V; + V, = Vi. (14) 
By (9) and by the definition of Z;, we have 
Vi = V, = — Zol,, Ve = (15) 


Designating the ratio of the characteristic impedance of the line to 
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the terminal impedance by k, we use (15) to rewrite (14) in the follow- 
ing form: 
Zo 


+1, = I, I; 


Solving, we obtain the reflection and transmission coefficients : 


I, k—-1 _V,_1—k 

I 2k 2 


Thus when k = 1, that is when the terminal impedance equals the char- 
acteristic impedance, there is no reflection. When the ratio of the imped- 
ances is zero or infinity the reflection is complete: in the first case the 
current vanishes and the voltage is doubled, and in the second the current 
is doubled and the voltage vanishes. The amount of reflection is com- 
pletely determined by the ratio of the impedances. 

The terminal impedance may be another semi-infinite transmission 
line and its characteristic impedance will play the part of Z;. It is 
important to note that neither the propagation constants nor the velocities 
of the wave in the lines have anything to do with reflection. No reflection 
will take place if the lines have equal impedances and there will be 
reflection in the case of unequal impedances even if the velocities are 
the same. 

Fhe variables V and J can stand for any two physical quantities 
satisfying equations (2). It will be observed that if we disregard the 
physical significance of the variables V and /, the characteristic im- 
pedance can be defined either as the ratio V/J or as J/V. We are 
perfectly free to make our choice. It is evident from (16) that if we 
interchange V and J and replace k by its reciprocal, the expressions 
for the reflection and transmission coefficients remain unaltered. 


NoN-UNIFORM TRANSMISSION LINES 


The foregoing analysis has to do only with uniform lines. In the 
case of non-uniform lines the impedances looking in the opposite direc- 
tions may be different. These two impedances will be defined by the 
following equations: 

vt 
= = 


Zor 


where V+, J+ and V-, I~ refer to the two waves. 
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At the terminal we have as before: 
i+1,= Zotl, — Zo TT, = Zils. 


Hence the more general expressions for the reflection and transmission 
coefficients are: 


Zor Zt os” 

Ty Zo Z, Ty Tr. 


These reflection and transmission coefficients can be expressed in terms 
of the ratios of the line impedances to the terminal impedance. 


SHIELDING 


When a source of electromagnetic waves is enclosed in a metallic 
box, the field outside the box is substantially weaker than it would 
have been in the absence of the box. The box is said to act as a 
“‘shield.’’ Under some conditions, transmission of electromagnetic 
waves in free space and in the metallic shield is governed by equations 
of the form (1). In those cases the shielding effect can evidently be 
regarded as due to a reflection loss at the boundaries of the shield and 
to an attenuation loss in the shield itself. A schematic representation 
of a single layer shield is shown in Fig. 3. The source of disturbance 


P Q 


Fig. 3—Transmission line representation of a shield. The generator represents 
the source of the electromagnetic disturbance, the section OP the space surrounding 
om the section PQ the shield, and the impedance Z; the space outside the 
shield. 


is shown as a generator, the space around this source is represented 
by a piece of a transmission line OP, the shield by a piece PQ and the 
space outside the shield by the impedance Z;. 

The simplest case to consider is that of an electrically thick shield, 
in which the attenuation between P and Q is so great that waves 
reflected at Q do not affect appreciably the situation at P. In sucha 
case the impedance at P looking toward Q equals the characteristic 
impedance Z,” and the same is true of the impedance at Q looking. 
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toward P. The effect of the inserted piece is comprised of two inde- 
pendent reflections at P and Q and of attenuation with concomitant 
phase change between P and Q. Thus the transmission coefficients 
across PQ, that is, the ratios of the quantities at Q to the impressed 
quantities at P, are 


T, = T1,pTr, on, Ty = Ty.p Ty, ', 


where 7;,p is the transmission coefficient for J at P and the remain- 
ing 7’s have similar meanings. 

If PQ is a piece of a uniform transmission line inserted into a uniform 
semi-infinite line, Z; = Z 9’. In this case, we have 

k 

where & is the ratio of the characteristic impedances. The factor 
4k/(k + 1)? represents the reflection loss and e~@’"' the attenuation 
loss. 

Let us now assume that PQ is electrically short and that all the 
transmission lines in question are uniform. By the transmission line 
theory, the ratios of the total currents and voltages at P and Q are: 


Iq 
Ip Zo’ cosh + Z, sinh I'L’ 


Vp Z,cosh sinh 


On the other hand, we have 


Ip 226 Vp A 2Zp 


where Zp is the impedance at P looking toward Q 


Z, cosh + Z 9” sinh 
~ “9 cosh + Z; sinh 


Zp = 


The transmission coefficients across PQ can be represented as 


_ Iq _ Ip _ Ve_ Ve Ve 


Making appropriate substitutions into this equation, we obtain 
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where 


In the special case when Z; = Zo’, we have 


4k k-—1)\? 
?= and Ty = T;. 
If PQ is electrically long, (17) becomes simply 


An interesting physical interpretation of (17) will follow if we ex- 
pand the factor in parentheses into a series 


Tr = pert + + beet"! 


The first term represents what remains of the original wave on the 
first passage through PQ. A part of the original wave is reflected 
back at Q and then partially re-reflected from P; the second term 
represents that fraction of the re-reflected wave which is transmitted 
beyond Q. The following terms represent succeeding reflections. In 
making this analysis, we must remember that p = pip2 where p; and 
p2 are respectively the transmission coefficients across the first and 
the second boundaries on the supposition that the inserted piece is 
infinitely long. Similarly, g = qigz, the product of the two reflection 
coefficients. 

Let us now consider a non-uniform transmission line. The propa- 
gation of a disturbance is no longer exponential and we introduce the 
ratios «+ = V+(xe)/V+(x,) and = V~(x,)/V~(x2) for the voltage 
ratios in the waves moving in opposite directions. In what follows 
x; and x2 are the coordinates of the beginning and the end of the 
inserted piece. The transmission coefficient 7 across the insertion, 
that is, the ratio of the total quantity at x = x2 to the impressed 
quantity at x = x, is then 


T = po + pe + (pint) + 


This can be rewritten as follows: 
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where 


= pipr, = 1192, k= «te. 


The same formula applies of course to J provided we interpret the 
p's, q's and x’s as referring to the variable J rather than the variable 
V. If the inserted piece is electrically long, we have approximately 


T = 


In many practical applications the inserted piece is a uniform trans- 
mission line, so that 


where I is the propagation constant and / is the length of the piece. 
In this case 
a 


mr 


POWER ABSORPTION AND RADIATION 


The power transferred from left to right across P is the real part 
of the following function ¥: 


Wp = 3Vplp* = Zpl pl p*, (18) 


4 
where the asterisk denotes the complex number conjugate to the one 
represented by the letter itself. The power absorbed by the imped- 
ance Z; is 
Vr= 3 ZT ql (19) 


The difference between (18) and (19) represents the power absorbed 
by the section PQ. 

The power absorbed by a shield is calculated in a similar manner. 
The energy flow per unit area of the shield is given by an expression 
closely analogous to (18); the tangential component of // appears in 
the place of J and Zp is to be interpreted as the impedance in the 
direction normal to the shield. The formula is derivable from: the 
Poynting expression for energy flow. Thus the power flow per unit 
area is $Z,H,H,* where H, is the tangential component of H/ and Z, 
is the impedance in the direction normal to the shield. 
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PART III 
REFLECTION, REFRACTION, SHIELDING AND POWER 
ABSORPTION 


SPECIAL APPLICATIONS 


The general formule derived in the preceding part are directly 
applicable to a variety of special cases such as reflection of plane 
waves at a plane boundary, shielding action of cylindrical shields upon 
electric waves produced by an infinite parallel pair of electric current 
filaments, shielding action of spherical shields upon electric waves 
produced by a coil or a condenser, etc. Of course, most of these 
results have already been obtained and published, each special prob- 
lem having been treated on its own merits rather than as a particular 
case of a general formula. For this reason, we shall confine ourselves 
largely to a discussion of those aspects of reflection which are par- 
ticularly illuminated by the general point of view. 


CYLINDRICAL WAVES 


Consider two parallel wires carrying equal and opposite alternating 
currents. At a distance from the wires two or three times as large 
as their interaxial separation, the wave is substantially that of a line 
doublet and the radial impedance in free space is approximately ® iwup 
so long as p is much less than the wave-length. This restriction on p 
is permissible in the present communication art. In metallic media 
this expression for the radial impedance is good only at very low fre- 
quencies. At high frequencies the radial impedance in metallic media 
is substantially Viwy/g. 

If the pair of wires is surrounded by a metal cylinder, the latter 
will act as a shield by virtue of reflections taking place at the boundary 
and attenuation through the shield. 

The attenuation constant is substantially ¥rugf nepers per meter.” 
Thus the attenuation in logarithmic units through the shield is pro- 
portional to the first power of its thickness and to the square roots of 
the conductivity, the permeability and the frequency. 

The reflection loss depends upon the impedance ratio. In the 
neighborhood of f = 0, the impedance ratio is seen to be equal to the 
ratio of the permeabilities. Consequently, at very low frequencies 
non-magnetic shields are relatively inefficient since there is no reflec- 

* Equation (12). 

® The approximate error is 1/20p; at 10 kc. the error is about 2.5 per cent at a 
distance 1 cm. from the line source. 


10 This is true even at low frequencies if the shield is thin compared to its diameter. 
Otherwise, the cylindrical divergence of the wave must be taken into account. 
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tion loss. Inasmuch as the radial impedance in air is proportional 
to the first power of the frequency and in metal it is proportional only 
to the square root of the frequency, a point is reached beyond which 
the radial impedance in air always exceeds the radial impedance in 
metals. Thus the air-to-magnetic metal impedance ratio is less than 
unity near f = 0 and greater than unity for sufficiently high frequen- 
cies. Consequently, the absolute value of this impedance ratio is 
equal to unity at some intermediate frequency at which the reflection 


1.0 


IMPEDANCE IN OHMS 


10? 
FREQUENCY IN CYCLES PER SECOND 

Fig. 4—The radial impedances in air, copper and iron at a distance of 2 centi- 
meters from the axis for cylindrical waves generated by line doublets comprised of 
infinitely long electric current filaments. The conductivity of copper = 5.8005 x 
10’ mhos per meter, the conductivity of iron = 10’ mhos per meter, the permeability 
of air and copper = 1.257 X 10-* henries per meter, the permeability of iron = 
1.257 X 10~* henries per meter. 


loss will be quite small.!! Some typical curves of radial impedances 
are shown in Fig. 4. The radial impedances in non-magnetic metals 
are always less than the impedance in air. 

At high frequencies the reflection loss between metals is substan- 
tially independent of the frequency. At copper-iron boundaries this 
loss is always high and at copper-air boundaries it increases steadily 
with the frequency and becomes quite substantial at frequencies as 

1 A small reflection loss exists because the impedances have different phases. 


4 
4 
: 
4 
3 
4 
| 
| | } | 
| | 
q IRON 
0.001 
_ 
| 
3 
ii 
4 
4 
q 
4 


40 BELL SYSTEM TECHNICAL JOURNAL 


high as 100,000 cycles. On the other hand, in a certain frequency 
range the reflection loss at iron-air boundaries may be very low. Since 
the attenuation loss of a complete shield made of coaxial layers of 
copper and iron is independent of the sequence of the layers, consider- 
able gain in shielding may be secured by placing an iron layer between 
two copper layers rather than a copper layer between two iron layers 
so as to take advantage of the added reflection loss, assuming of course 
that the amounts of copper and iron are the same in both cases. 

Since the high-frequency impedance ratio is proportional to the 
diameter of the shield, the size has a substantial influence upon the 
effectiveness of the shield. Each time the diameter of a non-magnetic 
shield is doubled, the shielding is increased by 6 decibels. In the 
case of magnetic shields, this is true only at frequencies considerably 
higher than the critical frequency at which the reflection loss is mini- 
mum. Considerably below this frequency, the effectiveness of a mag- 
netic shield is decreased by 6 decibels with each doubling of the diam- 
eter of the shield. For the transition region we can say that with 
increasing size the effectiveness of the magnetic shield decreases below 
the critical frequency and increases above it. 


‘ELECTROSTATIC SHIELDING” 


If the cylindrical wave is originated by two parallel oppositely 
charged wires, alternating with a given frequency f, the radial imped- 
ance in free space is 1/iwep provided p is small compared with the 
wave-length." As in the preceding case, in metallic media the radial 
impedance is Viwu/g provided the frequency is not too low; for very 
low frequencies the radial impedance becomes 1/gp. 

It is clear at once that for these waves the reflection loss is tre- 
mendous. Thus in air € = (1/367)10~* farads per meter ; if f = 10° and 
p = 0.01 m., then the radial impedance is 1,800,000 ohms. The corre- 
sponding impedance in copper is only 0.000369 ohms. At lower fre- 
quencies the disparity between the radial impedances becomes even 
greater. The impedance ratio tends to infinity as the frequency 
approaches zero. 

In the elementary theory a metal shield is regarded as a perfect 
shield against this ‘electrostatic field."’ An ‘‘electrostatic field alter- 
nating 1,000,000 cycles per second is probably a misnomer. And the 
shielding is excellent but not perfect. Nevertheless the distinction 
between two possible types of waves is a valid one, at least in the 
frequency range usually employed in the communication art. In one 
wave the electric field is normal to the direction of propagation and 

12 Equation (13). 
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in the other the magnetic field is so disposed. The former wave may 
be called transverse electric and the latter transverse magnetic. The 
product of the corresponding radial impedances of these waves is 
equal to the square of the intrinsic impedance. Hence if one wave 
is a low impedance wave (as compared to the intrinsic impedance), 
the other is a high impedance wave. Under the usual engineering 
conditions these waves are unmistakably different in air, although 
this distinction disappears in metallic media. It must be pointed 
out, however, that for micro-waves the dimensions of the shield may 
be comparable to the wave-length, in which case the radial impedances 
may be of the same order of magnitude. 

In the above discussion we have supposed that the line source was 
on the axis of the shield. If it is not, it is possible to represent the 
actual source by means of an equivalent system of sources along the 
axis and calculate the shielding effect. The latter is different for 
cylindrical waves of different orders. This will result in somewhat 
different shielding for different positions outside the shield. Ordi- 
narily, however, the difference is not large enough to be considered in 
practical problems. 


SPHERICAL WAVES 


A small coil carrying an alternating current will give rise to a trans- 
verse electric spherical wave and a small condenser to a transverse 
magnetic wave. Consider a shield concentric with the coil or the 
condenser. In the shield the radial impedance is Viwu/g, again ex- 
cepting very low frequencies. In air the radial impedance of the 
outward bound electric wave is ® iwur and that of the internal wave 
}iwur. The corresponding impedances of transverse magnetic waves 
are 1/iwer and 2/iwer. The conditions for reflection and shielding are 
substantially the same as in the case of cylindrical waves. Some 
quantitative difference results from the inequality of the radial imped- 
ances in opposite directions. 


PLANE WAVES 


The next example of uniform linearly polarized plane waves is par- 
ticularly well known. When the boundary between two media coin- 
cides with an equiphase surface of the impinging wave, the formula 


18 Equations (9), (10). 

“4 The general formule for the reflection and transmission coefficients have been 
obtained by T. C. Fry on the basis of the Maxwell theory in his paper “‘ Plane Waves 
of Light II,” published in the Journal of the Optical Society of America and Review 
of Scientific Instruments, Vol. 16, pp. 1-25 (1928). The earliest formule are prob- 
ably due to A. Cauchy, who obtained them from the ‘‘elastic solid” theory of light 
waves. 
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of Part II are directly applicable and the reflection coefficient depends 
upon the ratio of the intrinsic impedances of the media. 

A more interesting situation arises when the incidence is oblique. 
Let the xy-plane be the boundary between two homogeneous media 
and let the electric vector be parallel to this boundary. We may assume 
it to be parallel to the x-axis. In this case the electric field strength 
is given by 

E, = Eqe~**ti#t, E, = E, = 0, (20) 


where FE is the amplitude and s is the distance from the equiphase 
surface passing through the origin. If the angle of incidence is # 
(Fig. 5), this distance may be expressed as: s = y sin 3} + z cos 0. 


Fig. 5—Reflection of plane waves. The x-axis is toward the reader, the xy- 
plane is the boundary between the media, the E-vector is toward the reader, the 
angle of incidence = 3, and the angle of reflection = y. 


The magnetic vector is perpendicular to E and to the ray and its 
value is 
H = Eo = nH. (21) 


The cartesian components are then 
H, = Ho cos H, = — Hosin H, = 0. 


Equations (20) and (21) represent the motion of equiphase planes 
in the direction specified by the angle 8. It is equally possible to 
regard them as representing the motion of phase-amplitude patterns 
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in the direction normal to the xy-plane. We need only to rewrite 
these equations as follows: 


E, sin cos 


H, (Ho cos sin cos (22) 


The relative distribution of the amplitude and the phase of the wave 
are governed by the factor e~*¥ *"* and this phase-amplitude pattern 
is propagated in the direction of the z-axis, the propagation constant 
being o cos #. 

The advantages of this point of view are clear. In attempting to 
find the reaction of the second medium upon the incident wave, it is 
necessary to satisfy certain boundary conditions at every point of the 
interface. This can be insured by requiring the reflected and the 
refracted waves to have the same phase-amplitude patterns at the 
interface and by adjusting their relative amplitude and phases to 
secure the fulfilment of the boundary conditions at some one point. 
In other words, the problem is reduced to that for which the general 
solution was given in Part II. 

The impedance to the incident wave in the z-direction is found 
from (22): 


cos 3 


This impedance is seen to be a function of the intrinsic impedance of 
the medium and of the angle of incidence. 

For the refracted wave in the second medium the transmission 
equations are similar to (22): 


= sin cos Vtiot 23 
= cos yew" sin cos Vtiot Ed = Ho. ( ) 
The ‘‘angle of refraction” y is, in general, different from 3. In our 
equations we may regard y merely as a parameter. Its value is 
obtained from the condition that at the xy-plane the phase-amplitude 
pattern of the incident and the refracted waves must be the same, and 
consequently 

osin 3 = o’ siny. (24) 


In dielectrics this relation is known as Snell’s law of refraction. 
By (23), the impedance to the refracted wave in the z-direction is 


Ey = 7’ sec y. 
v 
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The reflection and the transmission coefficients are then obtained from 
(22) in terms of the impedance ratio 


_ nsecd  ncosy 


Thus, we have 
k—-1 1—k 
2k 2 


These coefficients refer to the tangential components of the field. 

In a similar way we can deal with the case in which the magnetic 
vector of the incident wave is parallel to the boundary. The parts 
played by E and H/ are interchanged and the impedance ratio becomes 


n cos 3 
cos y (26) 
The cosine factors have changed their places. 

The general case, in which neither E nor // is parallel to the bound- 
ary, cannot be treated in the above manner. In this case the com- 
ponents of E and H which are parallel to the boundary are not per- 
pendicular to each other, the impedances Z,, and Z,; are not equal 
to each other and the unique impedance Z, = Z,, = Zyz, upon which 
the results of Part II are based, does not exist. In accordance with 
a suggestion made in Part I, the incident wave must be resolved into 
components possessing unique impedances in the direction normal to 
the boundary. It is well known that such a decomposition is possible 
for ordinary plane waves; the latter can always be decomposed into 
two components, in one of which E is parallel to the boundary and 
in the other H/ is so disposed. 

It is not surprising that reflection of arbitrarily oriented waves 
cannot be treated directly. The impedance ratios (25) and (26) for 
two basic orientations are in general different and the polarization of 
the reflected wave will be changed. An exceptional case arises when 
the intrinsic propagation constants of the media are equal. In this case 
y = #8, as seen from (24), and the impedance ratio is independent of the 
angle of incidence and of the particular orientation of the wave. Con- 
sequently, the reflection and the transmission coefficients depend solely 
upon the ratio of the intrinsic impedances of the media. 

Frequently the permeabilities of the media are assumed to be the 
same, in which case the ratio of the intrinsic impedances is equal to 
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the inverse ratio of the ‘indices of refraction” of the media. Much 
could be said, however, in favor of not making such an assumption 
when formulating the general results since in many applications the 
permeabilities may be unequal. 


IMAGES 


A few additional interesting results can be obtained for the special 
case of two semi-infinite homogeneous media having equal propaga- 
tion constants. If the media are separated by a plane boundary, 
problems of reflection and refraction can be solved by the method of 
images. This method is frequently used in electrostatics and one or 


a2 


| 


Fig. 6 


two simple examples from that science will serve as an introduction to 
the later generalizations. 

The field of a point charge g above a conducting plane can be found 
by assuming another point charge (— q). This ‘‘image’’ charge 
(Fig. 6) is the same distance below the plane as the actual charge is 
above the plane, both charges lyirg on the same perpendicular. The 
field due to the original charge and to the image charge satisfies the 
boundary conditions at the conducting plane since it makes the latter 
an equipotential. This combined field gives the correct resultant field 
on the same side of the plane as the original charge; on the opposite 
side the field is zero. 

If the boundary is the interface between two perfect dielectrics 
(Fig. 7) with dielectric constants respectively equal to «, and é:, 
the results are almost equally simple. Above the boundary we have 
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a reflected field in addition to the original field. This reflected field 
is produced by an image charge q’ = (€; — €2)q/(e1 + €2) on the sup- 
position that the dielectric constant is everywhere equal to «:. Be- 
low the plane the field is such as would be produced by a charge 
q'’ = 2e1q/(€: + €2) if placed where the original charge is, also on the 
assumption that the dielectric constant is everywhere ¢;. The 
charge producing the correct field below the boundary would be 
q'"" = 2eeg/(e1 + €2) if we were to assume €e as the dielectric constant of 
the whole space. 

Inspecting equations (7) for an electric current element, which we 
assume to be perpendicular to the plane interface of two homogeneous 


| 
€, 
| 
1 
Fig. 7 


media, we see that the method of images can readily be extended to 
dynamic fields provided the intrinsic propagation constants of the 
media are equal. In order to make this conclusion more evident, 
we replace iwu in the first equation by the equivalent product no and 
then calculate the component of E tangential to the interface 


3 ae 
iar (1 + + =a) sin cos @. 


E,*+ = cos + E,* sin = nll 


It is easy to see that the continuity of the tangential field compo- 
nents will be preserved if we assume a reflected field on the same side 
of the boundary and a refracted field on the opposite side in accordance 
with the following specifications. The reflected field is such as would 
be produced by an image current element of moment (n: — n2)Il/(m. + 12) 
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and the refracted field 1s such as could be produced by a current element 
of moment 2n,Il/(n1 + ne), occupying the same position as the source. 
In calculating these fields a uniform intrinsic impedance n, is assumed 
throughout the whole space. 

Since the current J in the element implies two point charges, — I/iw 
and I/iw, at its terminals, we can interpret the above rule of images in 
terms of the charges. The image of a point charge q for calculating the 
reflected field is (n2 — m:)q/(n2 + 1). For calculating the refracted field 
a charge 2n.q/(n1 + n2) must be assumed in the same position as the 
original charge. For perfect dielectrics the expressions of the image 
charges reduce to those given by electrostatics. 
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AN HISTORICAL NOTE 


The following memorandum written in 1932 by Dr. G. A. Campbell, 
formerly of the American Telephone and Telegraph Company, repre- 
sents an interesting historical comment and it is reprinted with Dr. 
Campbell’s permission... 


A letter discussing the characteristic impedance of free space, written to 
me seven years ago by Dr. H. W. Nichols, is of possible interest in con- 
nection with both this impedance and the question of superfluous units. 
He derives the impedance from the Poynting vector by simple substitu- 
tions. Specific use is made, however, of five systems of units. The letter 
also supplies an illustration of confusion arising from the multiplicity of 
units in use. Apparently, Heaviside’s 30 ohms (‘Electrical Papers,”’ ii, 
p. 377, 1888) was in ordinary ohms and not in Heaviside’s own units, as 
Nichols quite naturally assumed. The correct explanation of the 30 ohms 
seems to be that Heaviside’s ‘‘resistance-operator of an infinitely long tube 
of unit area’’ was not intended to be the characteristic impedance, as I 
define it. 

In definitive units the characteristic impedance of free space equals the 
square of the effective volts per meter, in a plane electromagnetic wave, 
divided by the transmitted watts per square meter. For a numerical ex- 
ample, take the figures for strong sunlight (Maxwell, ii, footnote p. 441) 
which correspond to 666.1 effective volts per meter and 1176 watts per 
square meter. The characteristic impedance of free space implicitly as- 
sumed was thus 377.3 ohms, which checks well with my 376.54 international 
ohms. 

If free space could be bounded in one direction by a thin, plane film 
having surface resistivity equal to the characteristic impedance of space, 
a normally incident plane wave would be completely absorbed by the film; 
there would be neither reflected wave nor transmitted wave beyond the 


t 
a 
‘ 
| 
a 
a 


48 BELL SYSTEM TECHNICAL JOURNAL 


film. This picture is suggested by the analogy of a transmission line ter- 
minated, at the receiving end, in its characteristic impedance, so that there 
is no reflected wave. The difficulty with the analogy is that free space 
exists beyond the film and cannot be cut off. This idealized picture may 
serve, however, to indicate the simplification made possible by the intro- 
duction of characteristic impedances in practical problems involving reflec- 
tion, refraction and absorption. 

The characteristic impedance of free space may be usefully introduced 
into formulas for the characteristic impedances of transmission lines. Thus, 
assuming perfect conductors, we have: 

For flat strips, width w, separation d, if w/d is large or the guard-ring 
method is employed in measurements, 


= 376.542 
w 
For concentric cylinders, with radii 6 and a, 
376.54, b 
Ke = log 


These characteristic impedances will each agree with the characteristic 
impedance of free space if w = d and 6 = 535.49 a. Since these strips are 
not wide compared with the separation, it would be necessary to employ 
the guard-ring method to maintain the plane wave assumed in the square 
shaft between the two strips. These two characteristic impedances would 
each become one ohm if w = 376.54 d, and b = 1.0168 a. 

Practically, the finite conductivity of copper would add a reactance com- 
ponent and change the resistance component. It would be interesting to 
investigate simple cases numerically and include mutual characteristic 
impedances between two metallic circuits. 


My own interest in the applications of the impedance concept to 
the electromagnetic field theory dates back to the last quarter of 1931. 
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On the Theory of Space Charge Between Parallel 
Plane Electrodes 


By C. E. FAY, A. L. SAMUEL and W. SHOCKLEY 


The problem of the potential distribution, current, and electron 
transit time resulting from the perpendicular injection of electrons 
into the space between parallel planes is considered. The elec- 
trons are assumed to be injected uniformly with velocities cor- 
responding to the potential of the plane through which they are 
injected. Consideration of all possible solutions of the basic equa- 
tion shows that four general types of potential distribution are 
possible. Curves are given which enable the easy calculation of 
transmitted current and transit time and show the complete po- 
tential distribution for any concrete example. The case for cur- 
rent injected through both planes is also considered. 

The complete mathematical treatment is given in the appendix. 


PACE charge has been studied extensively since the publication of 
the first papers on the subject by Child! in 1911 and Langmuir? 
in 1913. These papers in common with many which followed *:*: 5 & 7 
dealt for the most part with potential distributions which occur when 
electrons are injected into a region with relatively small initial velocities. 
The problem of space charge between parallel planes when the 
electrons possess arbitrary initial velocities, although contained 
implicitly in some of this early work, was first considered in detail by 
Gill*® in 1925. Gill appears to have clearly understood the phe- 
nomenon but did not publish a complete analysis. Other workers, 
beginning with Tonks ® in 1927, have considered various aspects of 
the problem,’: " and recently Plato, Kleen, and Rothe : “ published 
an extensive analysis. They did not include transit time calculations 
and their published curves are not easily adaptable for numerical 
1C. D. Child, Phys Rev., 32, 492 (1911). 
271. Langmuir, Phys. Rev., 2, 450-486 (1913); also Phys. Zeits, 15, 348 (1914). 
3 W. Schottky, Phys. Zeits, 15, 526 and 624 (1914). 
4P.S. Epstein, Vehr. d.D. Phys. Ges., 21, 85 (1919). 
5T.C. Fry, Phys. Rev., 17, 441 (1921); Phys. Rev., 22, 445 (1923). 
61, Langmuir, Phys. Rev., 21, 419 (1923). 
rm 5 Langmuir and K. B. Blodgett, Phys. Rev., 22, 347 (1923); Phys. Rev., 24, 49 
(1924), 
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calculations. In this country Salzberg and Haeff have presented a 
solution, apparently quite complete, which has not as yet been pub- 
lished. The present independently derived solution differs from other 
published work in the manner of presentation and in an attempt at 
completeness. The results are presented in the form of curves which 
give potential distributions, electron transit times, and current-voltage 
relations, directly in terms of units which have a simple physical 
significance. 
STATEMENT OF THE PROBLEM 


In common with some of the earlier treatments, the present dis- 
cussion will be restricted to a consideration of the steady state potential 
distributions which can exist in an evacuated region between two 
parallel planes at known potentials when electrons having normal 
velocities corresponding to these potentials are injected into the region 
through one or both planes. For definiteness the case in which all 
of the current is injected through one plane will be considered first. 
It will then be shown that the results may be applied to the more 
general problem. It is supposed that the electrostatic potential is a 
function of one rectilinear coordinate only and that all the electrons 
move parallel to this coordinate and have the same total energy. 
The assumption of equal energy electrons leads to indeterminancy at 
planes where the potential and its gradient are both zero. At these 
planes the existence of non-uniform electron velocities will be recog- 
nized in so far as it provides a selective mechanism to resolve the 
mathematical indeterminancy.'® 

UNITs 

It has been found convenient to express voltages, currents, distances 
and transit times in terms of some derived units which are related to 
these quantities in certain ways by the simple Child’s law equation 
for space charge limited current and by the corresponding transit 
time equation. The use of such derived units makes it possible to 
present a limited number of curves which are then applicable to a 
wide variety of conditions and may be used with a minimum amount 
of computations. The physical significance of the units also simplifies 
the interpretation of the results. 

In order to understand how these units are obtained consider the 
hypothetical situation shown in Fig. 1 in which an electron current 
from a space charge limited cathode is injected into the region to the 


* B. Salzberg and A. V. Haeff, Proc. I.R.E., 25, 546 (May rye —Abstract only. 
This paper appears in full in the January 1938 issue of the R.C.A. Review. 

18 This procedure has been justified by Langmuir. See Reviews of Modern Physics, 
vol. 3, pp. 237-244 (1931). 
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right of a plane at a potential V;.1° From Child’s equation the current 
in amperes per square centimeter is given by 


V3 a’ J 3 /2 


I = 2.33 K 10-6 33 Se (amps. per sq. cm.) (1) 


or solving for So 


3/4 7 3/4 
So = 1.527 x = (centimeters). (2) 


Accordingly, whenever the conditions at the first plane are represented 


v=0 Vy 


I 


SPACE CHARGE 
T, 


IMITED CURREN | 


CATHODE FIRST SECOND 

PLANE PLANE 


Fig. 1—Hypothetical conditions to assist in visualizing the unit of distance So. 


by I and Vi, distance from the first plane may be measured in units 
of So. The distance in centimeters is then 


= oSo. (3) 


Similarly a natural unit of potential is V; and the potential of any 
plane at a distance S is then given by 


V = (4) 


POTENTIAL DISTRIBUTIONS 


All possible potential distributions to the right of the first plane 
can now be expressed in terms of ¢ as a function of ¢. The mathe- 
matical derivation is straightforward and is given in the appendix. 

16 This analogy is useful in getting a physical picture of the units but it must 


not be carried too far as will be evident when the problem of reflected currents is 
considered. 
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The results are shown in Figs. 2, 3 and 4. Figures 6 to 11 refer to 
current voltage relationships discussed in a later section. 

To find the potential distribution when a second plane at a distance 
ao away from the first plane is held at a potential yg, one enters the 
figures with the values of g and o. Any member of the family of 
curves drawn in heavy solid lines passing through this point represents 
a possible potential distribution. The regions occupied by the heavy 
curves are bounded by certain limiting curves identified by lower case 
letters. These curves correspond to certain space charge conditions 
between the planes and are indicated by the same letter whenever 
met. The dashed curves refer to transit time and are explained below. 
Situations corresponding to low potentials and large spacings occur, 
for the most part, on Fig. 2, while those for high potentials and small 
spacings occur on Fig. 3. An overlap region exists for which potential 
distributions may be found on both families of curves. The interpre- 


tation of this is found by inquiring more closely into the nature of the 
curves of Figs. 2, 3 and 4. 


There are in all four distinct types of potential distributions. 
These are: 


Type A—The second plane is at a negative potential. All the injected 
current is reflected. Potential distributions are the same as 
for the case of temperature limited emission with the current 
2I from the zero potential plane. 

Type B—Both planes positive with potential zero between them. 
Injected current partially transmitted and partially reflected. 
Potential distributions corresponding to space charge limited 
emission on both sides of a virtual cathode at the zero of 
potential. 

Type C—Both planes positive with a potential minimum (at a positive 
potential) between them. Complete transmission of injected 
current. 

Type D—Both planes positive with no minimum between them. 
Complete transmission of injected current. 

The curves on Fig. 2 are seen to fall into two groups, those which 
extend to negative values of ¢ (marked with values of 8) and those 
which contain the value ¢ = 0 but which remain positive. The first 
group (Type A) obviously corresponds to conditions under which all 
of the injected current returns to the first plane. The slopes of these 
potential curves at the reflection planes are not zero but are related to 
the parameter 8 (shown on the curves) by the equation 
dy 
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Fig. 2—Potential distributions of the A and B types. The solid lines are the potential curves; 
the broken lines indicate the transit times. 
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For the second group of curves (Type B) a certain fraction of the 
current denoted by Z (and so indicated on the curves) will be trans- 
mitted while the fraction 1 — Z will be reflected toward the first 
plane. These potential curves have zero slopes at the reflection planes 
so that they correspond to solutions of Child’s equation on both sides 
of a so-called virtual cathode existing at the reflection plane. For 
each value of Z from 0 to 1 a possible potential distribution is obtained. 

It will be observed that the portions of the solid curves to the left 
of the zero points are drawn lighter than the rest. These portions 
correspond to potential distributions resulting from conditions with 
reflected current and so while applying as extensions of the heavy 
curves to the right they cannot be entered directly with values of ¢ and 
a. Should values used to enter the figure fall in this region the ab- 
sence of a potential zero is indicated and the correct distribution is 
obtained by entering Fig. 3. Before leaving Fig. 2 the existence should 


be noted of a small domain lying between the curves marked 0 and c | 


for which two different B solutions are possible for the same injected 
current, spacing, and potential, one corresponding to larger values of Z 
than the other. The significance of this region will be apparent when 
the current voltage relationships are considered. All solutions of the 
A and B types are represented on Fig. 2. 

Solutions of the C and D types are to be found on Fig. 3 except for a 
small overlap region which for clearness is shown on Fig. 4. Values of 
g and o which cannot be entered on Fig. 2 as well as values common to 
both B and C types are to be found on these figures. The additional 
overlap solutions of the C type are shown in Fig. 4. These are ex- 
tensions of the potential distribution curves of Fig. 3 after they reach 
the right-hand boundary curve where they turn inward as shown and 
overlap the other solutions. 

For convenience each curve of the C type is labeled by the value of 
its minimum potential. The parameters of the D curves do not have 
this simple physical significance. However, for all cases the value of 
the curve parameter is simply related to the electric field at the first 
plane by the equations: 


type C 3 (6) 
do 3 (7) 
type D 
(8) 
dg 4y2 


type A v1 + (9) 
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Fig. 4—Potential distributions of the C overlap type. 
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It should be noted that while some of the curves in the D region 
shown in Fig. 3 resemble the portions of the curves drawn in light 
lines on Fig. 2, the curves in Fig. 3 have essentially different physical 
content, representing solutions in which all of the injected current is 
transmitted. Values of o and ¢ may, therefore, be entered in all 
regions on Fig. 3 while entering values on Fig. 2 are restricted to the 
regions covered by the heavy lines. 

The occurrence of overlap regions indicates that for certain boundary 
conditions more than one type of potential distribution may exist. 
In the practical case the choice between these various possible solu- 
tions depends upon the manner in which the boundary conditions are 
established.!? 


CURRENT INJECTION FROM BotH SIDES 


The present analysis although derived on the assumption of current 
injection from one side only is equally applicable to the situation 
shown schematically in Fig. 5. The potential distribution ctirves 


Va ~aVa Vb 
OR ! 
| | 
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| 
| 
| | 
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PLANE PLANE 
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Fig. 5—-Schematic representation of the general conditions under which the potential 
distribution analysis may be applied. 


which occur when the currents 7, and J, are injected from opposite 
sides will be identical with those obtained for an assumed injection 
from one side only of a current J equal to the numerical sum of J, and 
Iy. Values of V;, ¢ and o are chosen to correspond with an assumed 
direction of injection and these values are entered on the figures. 
For solutions of the B type, different distributions will result depending 


17 This matter will be treated in more detail in the section on circuit charac- 
teristics. 
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upon the assumed direction of J. In some instances all solutions may 
correspond to physically realizable distributions for the double in- 
jection case. The solutions will, in general, require that the potential 
zero be located at different places and may require that the net flow 
of current across the zero plane be in opposite directions. The 
physical reality of each of these distributions must be checked by 
noting the value of Z for the indicated solution and solving for the 
derived current (2 — Z)J on the injected side of the zero potential 
plane and the derived transmitted current Z/. If these are respec- 
tively greater than the numerical values of J, and J, (paired consistent 
with the assumed direction of injection) the indicated solution is 
possible. In addition there may exist a solution in which the currents 
I, and J» are each totally reflected at two different zero potential 
plane’, separated by a region of zero potential. The possible existence 
of this solution must be tested for separately. 


ELECTRON TRANSIT TIME 


So far no use has been made of the dashed curves shown in Figs. 2, 
3 and 4. These give the electron transit time from the first plane 
to any desired plane. The significance of the unit of time is to be 
found by again referring to Fig. I. The time an electron takes to 
travel from the cathode to the first plane is given by 

AL 
This value of fo is a natural unit of time to be used whenever the condi- 
tions at the first plane are expressed by V; and J just as Sp is a natural 
unit of distance. Accordingly, electron transit times from this plane 
to any other plane are expressed in units of fo. The time in seconds is 
then 

T = tho. (11) 


Transit times for reflected electrons are not given but may be com- 
puted by taking the time to the reflection plane and adding to it the 
returning time. This latter is obtained by taking the difference be- 
tween the time to the reflection plane and the direct time to the plane 
under consideration. 


Crrcuir CHARACTERISTICS 
In many practical cases the first plane will coincide with a mesh or 


grid electrode in a vacuum tube and the second plane will correspond 
with a plate electrode. Under these conditions the current-voltage 
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~~ 


relations which exist at the second plane are of considerable interest. 
Since the distance between the planes is now fixed, the parameter o is 
not appropriate. However, the spacing d between planes and the 
voltage V; serve to define a natural unit of current density 7%, which 
is indicated by the hypothetical situation of Fig. 6. The value of io is 


v=0 


vy 

| 

LIMITED CURRENT 

| 

I | 

CATHODE FIRST SECOND 
PLANE PLANE 


Fig. 6—Hypothetical conditions to illustrate the significance of the unit of current ip. 


V,3/? V 3? 
to = a? (amperes per sq. cm.) (12) 
The current in units of zp is denoted by y so that the injected current J 
in amperes per sq. cm. is given by 


Y1o. (13) 


Similarly, the transmitted current under conditions corresponding to 
type B potential distributions will be 


BE = (14) 


Specifying y and ¢ is equivalent to specifying ¢ and ¢.'’ For this 
reason many of the limiting curves of the circuit characteristic plots 
are simply related to those shown in the potential distribution plots 
and are designated by the same letters. The regions for which the 
different types of potential distributions may exist are shown in Fig. 7 
now in terms of y and ¢. In Fig. 8 the regions are defined in terms of 
yg and the transmitted current Zy. The boundaries of the C and D 


18 This is a consequence of the relationship y = o?, which is derived in the ap 
pendix. 
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regions are of course the same in the two plots (i.e., Z = 1) while the 
boundaries of the B region are changed, since only the portion Zy of 
the injected current is transmitted. The A region, which corresponds 
to negative values of ¢ for all values of y and gives Zy = 0, is not 
indicated. It may be of interest to note that for any given value of ¢ 
it is impossible to transmit more than a certain maximum current, 
shown by curve a, and that this maximum occurs for a C type distri- 
bution. For injected currents greater than this amount only type B 
distributions are possible. 

An enlargment of the B region is shown in Fig. 9a and a portion of the 
region to a still larger scale in Fig. 9b. Lines for constant injected 
current y are plotted with the potential ¢ and the transmitted current 
Zy as the coordinates. These plots correspond to plots frequently 
used to describe vacuum tube characteristics and may be used ac- 
cordingly. For values of y less than four and values of ¢ less than 
unity, double values of Zy appear. In the region lying between the lines 
b and ¢ on Fig. 9, the slopes of the constant y lines are negative corre- 
sponding to conditions which are unstable unless sufficient resistance is 
included in the external circuit. Conditions outside of this region are 
always stable and need no further comment. 

Solutions of the C type are shown in Fig. 10a. For these solutions 
the injected and transmitted currents are equal. The depth of the 
potential minimum between the two planes is, however, of interest 
and is shown in the figure in terms of the lesser of the two boundary 
potentials. For values of ¢ greater than unity the value of ¢ min. 
(i.e., the minimum potential in units of V,) is indicated while for 
values of ¢ less than unity the value of ¢gmin, (i.e., the minimum po- 
tential in units of V2) is shown. In the enlargement, Fig. 10, both 
values are given. For values of ¢min. = 1, curve e, and ¢gmin. = 1, 
curve d, the potential minimum is equal to the potential at one of the 
planes and is located at this plane. For currents greater than the 
value indicated by these limiting curves the potential minimum be- 
comes deeper and moves away from the plane while for lesser currents 
it disappears entirely. The minimum value to which the potential 
may be forced by increasing the injected current before the distribu- 
tion changes precipitously to one of the B type is indicated by the 
values on curve a. 

Again to avoid confusion the overlap type C region is shown sepa- 
rately in Fig. 11. Conditions are somewhat different for this region 
in that with any assumed value of ¢ a minimum potential of 0 (but 
with complete transmission of injected current) occurs for a certain 
value of y. With increasing injected current, the potential minimum 
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rises, finally reaching the limiting values indicated on the upper curve 
of Fig. 11; the limiting conditions there are precisely the same as for 
curve a of Fig. 10. Further increase of injected current produces a 
transition to type B solutions. 

It seems questionable that this overlap type C condition can exist 
in a practical case. An investigation of this question involving ex- 
ternal circuit considerations is beyond the scope of this paper. 


TRANSITION BETWEEN DISTRIBUTION TYPES 


The physical choice between the different possible potential dis- 
tributions which may exist with a given set of boundary conditions is 
determined by the sequence in which the boundary conditions are 
established. Extreme values of any parameter are seen from Figs. 7 
and 8 to lie in regions for which only one solution is possible. If the 
boundary conditions are varied slowly and continuously from these 
values, the indicated type of distribution will persist until the limit of 
this region is reached at which time a sudden transition must occur 
to another indicated type of distribution. Inspection of Figs. 7 and 8 
will show that at such transitions only one other type of distribution 
is ever possible. The determination of the correct physical distribu- 
tion can thus be made without ambiguity. 

Certain peculiarities are, however, to be noted. A survey of all 
possible transitions in which y and ¢ are treated as independent 
variables will indicate that, starting from extreme conditions and 
changing conditions continuously in the same direction, distributions 
of the overlap C type shown in Figs. 4 and 11 never occur. A second 
peculiarity has to do with the unstable region of type B solutions 
shown on Fig. 9. When this region is entered with insufficient 
resistance in the external circuit, instability results with a sudden 
transition to a corresponding stable type of distribution. 

The space model shown in Fig. 12 has been found to be of value 
in visualizing problems involving transitions. The three coordinates 
used in its construction are the second electrode potential ¢ (to the 
right) the injected current y (to the left) and the transmitted current 
Zy (vertical). Solutions corresponding to potential distributions of the 
C and D type, for which Zy = y, appear as a celluloid plane inclined at 
45 degrees, on which the values of the potential minima are indicated. 
Solutions of the C overlap type have been omittede Solutions of the B 
type are represented by the concave surface of the model. Viewing the 
model from a different angle as shown in Fig. 13 (where the celluloid 
sheet is removed) the unstable B region appears as an over-hanging 
cliff extending between y values of 0.5 and 4. Bounding curve c 
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separating the unstable region from the stable region is drawn on the 
model and lies along the vertical surface of the cliff. The small 
region lying between y values of 0 and 0.5, for which direct transitions 
between A solutions and D solutions occur, can be seen in both views 
as a small vertical cliff. 

Solutions corresponding to varying conditions will be given by the 
position of a movable particle confined to the surface of the model. 


Fig. 12—A three-dimensional model illustrating the current-voltage relationships. 
Solutions of types C and D appear on the celluloid surface and solutions of the B 
type appear on the concave surface. 


When this particle lies on the celluloid surface it may be moved around 
at will and will not ‘‘fall off’’ unless an attempt is made to go to 
larger values of the injected current y than is permitted by the bound- 
curve a (the curved edge of the celluloid). The particle may, however, 
“fall off’’ at this edge and land on the concave surface from which it 
can escape only by climbing up the surface to the bounding curve > 
which is common to both surfaces. The overhanging cliff is, however, 
particularly treacherous, for unless the particle is supported by the 
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existence of sufficient resistance in the circuit connected to the second 
electrode, it will go through the model coming to rest on the celluloid 
surface above. With no resistance in the external circuit this curious 
behavior will occur at the vertical part of the cliff indicated by the 
bounding curve c. The presence of some resistance will cause this to 
occur for larger values of Zy. The exact place can of course be 
determined by noting the point of tangency between a resistance line 
drawn on Fig. 9 and one of the characteristic curves—just as the 
stable operating conditions for any negative resistance device is found. 


Fig. 13—A different view of the concave surface of the model shown in Fig. 12. 
(The celluloid surface has been removed.) 


The entire surface is stable if the external resistance is greater than 
approximately 0.25 in units of ¢/Zy. 


ILLUSTRATIVE EXAMPLES 


I. Class B Operation of a “‘ Critical Distance"’ Tetrode 


Since the purpose of “‘critical distance” operation is to prevent the 
passage of secondary electrons from the plate (our second plane) to 
the screen grid (our first plane), the existence of a potential minimum 
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is desired; however, type B solutions with some reflected electrons 
would be objectionable. The permissible operating range must 
therefore lie in the C region on Fig. 7. Ii, for example, we operate 
the tube with V2 = V, as the quiescent point and with a resistance 
load, the operating curve is a straight line through the point y = 0, 
g =1. The upper excursion of this line is set by the upper limit, 
curve a, of the C region. For characteristics which cross curve d and 
enter the D region a loss of suppression would result. Maximum 
efficiency occurs with the largest possible excursion of Vo, that is for 
a line tangent to the d curve at the quiescent point. The minimum 
instantaneous value of V2 for the conditions specified is seen to be 
25 per cent of its quiescent value as contrasted with a usual value of 
about 10 per cent for a pentode when similarly operated. For the 
instantaneous value of V2 to fall to 10 per cent of its initial value 
(without loss of suppression) the quiescent point must be at y = @, 
yg = 1.3 with the operating line tangent to curve d at about ¢ = 0.5. 
Operation in the D region above ¢ = 1 does not result in a secondary 
current from plate to grid. 


II. Triode Operation in the Positive Grid Region 

Figure 1 may be taken as representing an idealized triode. The 
second plane represents the plate so that |’, = V, and the first plane 
represents the grid plane with effective potential 1). We let 

where yu will be a variable if space charge is formed in the plate-grid 
region and may differ considerably from its ‘‘cut-off"’ value. 

If the fraction of the electrons stopped by the grid is negligible and 
if operation does not enter the B region, with disturbing effects 
produced by reflected electrons, then Fig. 1 becomes an accurate 
representation and in view of the choice of units ¢ is a geometrical 
constant of the tube. Hence the operating characteristic is a constant 
y line (y = o*) on Fig. 7.1% 

For normal operation the characteristic must not extend into the B 
region. If the grid is to be driven far positive it is desirable to stay 
in the C region for all values of ¢ < 1 to prevent secondary electrons 
from leaving the plate. The minimum value of ¢ as a function of 
may be read from the intersections of the constant 4 lines with limiting 
curve a if y > 2 and limiting curve d if y < 2. Now since 


19 Proof of the relationship y = o? is contained in the appendix. 
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and 
J ‘al Vp : = = 


if w and o are known, the maximum value of V,/ Vp may be calculated. 
Fig. 7 shows that a value of y just greater than 2 will give the lowest 
minimum value for ¢ (¢ = 0.07) by intersection with curve a. In 
this region g/u <1 so that 


For values of y only slightly less than 2 the minimum value of ¢ rises 
abruptly, being given by the intersection with curve d, while for values 
greater than 2 the rise in ¢ is not so abrupt. 

It should be noted that for the usual cylindrical triode the departure 
from the parallel plane case is not very marked in the grid-plate 
region while it can be taken into account by the usual cylindrical 
formule for the cathode grid region. It therefore becomes possible 
to extend this analysis in an approximate sort of way to cover the 
cylindrical case. 

APPENDIX 
DEFINITION OF SYMBOLS 

1’, = Potential of the first plane in volts, 

\’ = Potential of a second plane in volts, 

¢ = Ratio of the potential at the second plane to the potential of the 

first plane, 

I = Injected current in amperes per sq. cm., 
Distance in centimeters, 
d = Spacing between the two planes in centimeters (used when this 

distance is regarded as a fixed quantity), 
S = Distance between the two planes in centimeters (used when this 
distance is regarded as a variable), 
o = Distance between the planes expressed in units So, 
3/4 

(centimeters), 
527 X = 
a = 2.33 X 10-, 

Z = Fraction of the injected current J which reaches the second 

plane, 

= Time in seconds, 
= Electron transit time between the planes in seconds, 
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Electron transit time expressed in units of fo, 


4 
pe (seconds), 
= 7.72 KX = 3a(mc/2e)'710-*,” 


y = Injected current expressed in units of Zo, 
aV 


iy = 2.33 X = (amperes per sq. cm.), 

a = Ratio of the potential at a potential minimum when one exists 
to the potential of the first plane, otherwise merely a con- 
venient constant of integration. (In the text the symbol 
¢min, is used in the cases where the physical significance can 
be attached.) 

8 = An integration constant similar to @ but associated with an 


opposite sign. 


RELATIONSHIP BETWEEN Y AND 
By definition 


aV;"* § 
A — = (1) 
Pr o 
and 
a’ 3 2 
= —= (2 
) 
Solving (1) for ¢ 
(3) 
al 
Solving (3) for 
(4) 
But since S = d for the conditions under which y is used 
y = (5) 


DERIVATIONS 


The space charge equation based upon Poisson's equation and the 
energy equation for an electron is”! 


dx 9a? 


20 In this work e is the charge on the electron in e.s.u., m its mass in grams, € is 
the ratio of electrostatic and electromagnetic units, 1 volt = (10%/c) e.s.u., 1 ampere 
= (c/10) e.s.u. 

*1See, for example, Dow, ‘Fundamentals of Engineering Electronics,”’ John 
Wiley, 1937, pg. 100. 
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This implies that all of the electrons at any plane have the same speed, 
a condition which must be borne in mind when the present analysis is 
applied. 

Integration of equation (6) yields 


I 


dx 9 @ 


(V'? + const.) (7) 


The choice of zero for this constant leads to type B distributions. A 
negative constant gives type C distributions, and some of the type D 
distributions while a positive value gives type A and type D distribu- 
tions. These will be considered in detail in the sections which follow. 

Transit time solutions are obtained by writing the energy equation 
for an electron in a conservative field which in practical units is 


dx 2e 110° ) 3a 


dt mc (8) 


Solving for ¢ and introducing numerical values 


nd dx = 1.68 10 ‘fv 
3a 
dx 


Specialization of this equation for the various types is carried out 
below. 


Integration Constant Zero— Type B 

If the constant in equation (7) is set equal to zero, the next integra- 
tion gives Child’s equation, applicable to the type B distribution when 
the correct values of current are used, corresponding to conditions 
before and after the potential zero. Before the potential zero the 
total current, i.e., the arithmetic sum of injected and reflected currents, 
is (2 — Z)I so that 


(10) 
where |’ is the potential x centimeters before the zero. Hence meas- 


uring distance from the first plane in units of So and expressing po- 
tential in units of V4, 


(11) 
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Similar analysis for the region beyond the potential zero where 


yields 
1 gis 


= 
Introducing the identity y = o? in equation (13) gives the relationship 
(14) 


Some of the limiting curves associated with the 4 solutions are 
closely related, as is implied by the use of a common letter. Curve ¢ 
in Fig. 2 corresponds to maximum values of ¢ for fixed values of ¢ 
and hence of y = o*. By inspection this is seen to be the same condi- 
ion as is implied by curve ¢ in Fig. 9. To find these curves we make 
¢ a maximum in (13) with respect to Z holding o constant and obtain: 


(15) 
(c 
) le = )' f (16) 
From these the various other forms of curve ¢ are readily found by the 
relationships y = o? and Zy = Zo*. The curve b of Fig. 2 corre- 
sponds to Z = 1 and gives in equation (13) 


(b) o=1+ (17) 


The minimum transmitted current for fixed ¢, curve fin Figs. 8 and 9, 
is seen to correspond to y — ~ ; for this the virtual cathode recedes to 
the first plane and 


(f) Zy = ¢". 18) 


Introducing dV/dx obtained from equation (7) with the correct 
/ | 
current and a zero constant into equation (9) and integrating gives 


T= + const., (19) 


which in units of f9 measured from the first plane with potentials in 
units of V; gives 


(20) 
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Similar analysis to points beyond the potential zero yields 


1 
= t Zin (21) 
Integration Constant Negative-—-T ypes C and D 
Introducing for the constant in equation (7) a negative value, say 
— (aV,)'", will give a positive value of V (equal to aV,) for dV/dx = 0 
with d?V/dx? > 0 and must therefore lead to solutions of the C type. 
Integrating once more and introducing the unit So gives 


x = + + — + const. (22) 


Expressing distance from the first plane in units of So, we find two 
possibilities: 


op = + + Jal?) = al? — (1 + V1 al? (23) 
and 


= — + — al? + (1 + — (24) 


The first of these solutions gives a potential distribution rising con- 
tinuously as o increases from zero, hence of type D as was anticipated 
by the subscript. The second solution decreases to a minimum at 


omin, = (1 + 2a!) V1 — al? (25) 
and then increases, the equation to the right of the minimum being 


Curves given by equations 23, 24 and 26 are drawn in Fig. 3. If 
values of ¢ and ¢ corresponding to conditions on the boundary planes 
are entered in the figure, a C solution is indicated only if the point 
falls upon a curve of the ¢, type. This curve then gives the potential 
distribution to the right of the minimum; to the left of the minimum 
the distribution is given by the o_ curve with the same value of a, 
which has the interpretation a = ¢min, for this case. Points entered 
on the o_ or op curves will clearly give D type solutions. 

Three equations for limits of the C region can easily be written 
down on the basis of the above equations: 


(b) o =1+ gi, (27) 
(d) o = (1+ 2¢'?) V1 — (28) 
(e) o = (g'? + 2)V¥gl? — 1: (29) 


q 
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The curve a is obtained by making ¢, a maximum with respect to a 
while holding ¢ constant. This gives 

) a= = + 30) 


Here ¢ and o are coordinates of a point on the a curve and @ = Quin. 
is the parameter value for the potential distribution curve tangent to 
curve a at that point. The o, curves give type C solutions for values 
before the tangent point and give C overlap solutions beyond this 
point. 

All the curves described in this section are readily transformed to 
current voltage plots by the relationships y = Zy = o°. 

The transit times for the various curves are found from equations 
(7) and (9) using the value — (aV,)'? for the constant. Integrating 
and measuring time from the first plane, they are 


tm = + — — (f — 32) 
— — + (1 — (323 
Tee = + — + (34) 


Integration Constant is Positive—Type D 
Type D solutions include those given by equations (23) and (24). 
Other solutions are obtained by giving the integration constant of 
equation (7) a positive value, say + (81,)'*. Integrating the equa- 
tion and measuring distances from the first plane in units of Sy we 
obtain the two possibilities: 


o = + (g'? — 281%) Vol? + — (1 — + (35) 
wh'ch applies for ¢ > 1, and 

o = — — + + (1 — 28'%)y1 4+ (36) 
which applies for ¢ <1. Corresponding transit times are: 


r= — (gl? + 4 (1 + (38) 


Integration Constant is Positive—Type A 


The potential distribution curves of the A type are identical in 
form with those of the D type, where ¢ < 1, which result from the 
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positive value of the constant in equation (7). They differ in nu- 
merical values in that the current J must be replaced by the value 2/ 
to allow for the reflected current. The correct equation is then 


c= [(1 26! + 2)I (¢! 2) (gl? + 2)1/2"}2-1 (39) 
The corresponding transit times are given by 
r= + (¢! 2 + (40) 


To the right of yg = 0 the space is free of charge so that the potential 
gradient is constant and equal to the value at ¢ = 0 obtained by taking 
the derivative of equation (39). This value is 


ge (41) 


CONCERNING COMPLETENESS 


We may now review our work and see that no possible space charge 
distributions can have been omitted. Starting from the fundamental 
equation (6) we obtain equation (7) with an undetermined integration 
constant. Setting this constant equal to zero we could integrate once 
more, obtaining a solution formally identical with Child’s equation. 
If we supposed that the cathode plane defined by the Child’s solution 
lay to the right of the initial plane, then the only freedom left in the 
solution was represented by Z, the fraction of current passing through 
the plane. All physically sensible values of Z, i.e., 0 to 1, are included 
in the solutions. If the cathode is assumed to lie to the left of the 
plane, then Z must equal 1 and the solution which arises is given by 
a = 0 in equations (23) or (26), or 8 = 0 in equation (35)—that is, 
a D solution. For a negative value of the constant, a further inte- 
gration gave only two possibilities. Each of these was investigated 
for all possible values of the constant. <A similar statement is true 
for positive values of the constant. 

As was stated in the text, space charge distributions corresponding 
to injection from both bounding planes can be handled in formally 
the same way as injection from one plane; therefore we may conclude 
that all solutions to the problem given by specifying the boundary 
conditions on two planes, subject to the assumptions represented by 
equation (6), have been determined. 
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EQUATIONS FOR BOUNDARY CURVES 
For convenience we append a table of equations for the limiting 
curves occurring in the figures. 
Symbol | Equation Zz 
b | 17,27 |1 +e (1 + 1+ 
d 28 1+ 2¢'2%)v1—¢ 1+2¢ i 1 i-¢ 
e 29° + 2) — 1 | + 1 ¢ — 
f 18 | 0 ¢ 
The further relationship 
a= PYmin. = Y' 1 2)\-2 (30) 
holds for the a curve. 
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A Carrier Telephone System for Toll Cables * 
By C. W. GREEN and E. I. GREEN 


A new 12-channel carrier telephone system for existing cables 
is described. This system, which incorporates a number of inter- 
esting departures from the previous carrier art, is now being 
manufactured in considerable quantities to meet increased traffic 
requirements. 


N important advance in the art of carrier telephony has been made 

by the development of a new 12-channel system, known as the 
type Kk, for toll telephone cables of existing type. It is applicable 
both to cables installed underground, and also to aerial cables, for 
which the wide range of temperature variation introduces quite dif- 
ficult transmission problems. Field trials on cables previously 
installed between Toledo and South Bend have been successful, and 
the system is now being manufactured to meet field demands. 

This new development is an outgrowth of the experiments at Mor- 
ristown, New Jersey, described by Messrs. Clark and Kendall before 
the American Institute of Electrical Engineers in 1933,! and the essen- 
tial principles of the new system were included in those experiments. 
The earlier work dealt, however, with cable specially designed for 
carrier operation, and only underground cable was experimented with. 
As that work drew to a close, it became clear that because of general 
economic conditions several years would elapse before the Bell System 
would require any substantial increase in toll facilities. Hence this 
early system was not put into commercial form, but work was con- 
tinued to determine the extent to which carrier could be applied to 
existing cables, of which more than 15,000 miles were available for 
such use. Serious problems of cross-talk at high frequencies had to 
be reckoned with. A more serious problem, however, was that of 
maintaining stability of transmission, since with aerial cable, which 
comprises about two-thirds of the existing cable mileage, the total 
variation in attenuation, due to temperature variation, is about three 
times that for underground cable, and the rate of variation not infre- 
quently is several hundred times as great. 

In spite of these and other difficulties, the capabilities of the 
present system go far beyond those of previous systems. Asa develop- 


* Presented at Winter Convention of A.I.E.E., New York, N. Y., Jan. 24-28, 1938. 
1 For references see end of paper. 
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ment objective the maximum length was taken as 4000 miles, with as 
many as five separate systems linked together. On the basis of results 
thus far obtained it is expected that for these exacting conditions the 
performance with respect to crosstalk, noise, transmission stability, 
width of voice band and other characteristics will equal or exceed that 
of previous facilities for much shorter distances. 

Superior performance has been achieved without material effect 
on the cost of the system. For distances of a few hundred miles, on 
moderately heavy traffic routes, it will provide telephone circuits at a 
much lower cost than previous facilities. The minimum distance for 
which the system will be useful may be less than 100 miles. 

Interesting features of the new system are: 


(1) A line of very high attenuation, requiring high-gain repeaters 
spaced at approximately 17-mile intervals. This would mean, 
for the maximum distance for which the system is designed, 
more than 200 repeaters in tandem. 

(2) The use in the repeaters of the negative feedback principle of 
amplification to obtain the requisite stability and freedom from 
modulation. 

(3) Small auxiliary repeater stations, established between, existing 
voice-frequency repeater stations, housing equipment which can 
be left for considerable periods of time without attention. 

(4) A system of transmission regulation whereby huge variations of 
attenuation, differing at each frequency, are automatically 
equalized to a high degree of accuracy. 

New methods of crosstalk and noise reduction. Small adjustable 
mutual inductance coils are connected between carrier pairs to 
balance out the crosstalk. The noise is kept at an extremely 
low level to permit the high gains. 

(6) Channel terminal equipment designed so that it may be used in 
other types of carrier systems, thus simplifying development 
and manufacture, and facilitating the interconnection of dif- 
ferent types of systems. 

(7) Speech bands considerably wider than those of existing facilities. 
The increase is obtained by spacing the channels at uniform 
4000-cycle intervals, and employing channel band filters con- 
taining quartz crystal elements. 

(8) High-speed transmission, which is of considerable value from the 
standpoint of minimizing delays and echoes. 


A general description of the system is presented herein, and the 
different parts are taken up in greater detail in other papers. 


* 
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GENERAL CONSIDERATIONS 

The type K system, the elements of which are illustrated schematic- 
ally in Fig. 1, operates on a “‘four-wire”’ basis, using the same frequency 
range, but different electrical paths, for opposite directions of trans- 
mission. Thus it differs from open-wire carrier systems, for which the 
line is not suitable for four-wire operation, and which therefore require 
complicated and expensive filters to separate the different frequency 
bands used for transmission in opposite directions. A high degree of 
shielding between the two cable paths is necessary to avoid the effects 
of near-end crosstalk, which would be serious because of the large 
level differences existing at the repeaters and the terminals. On 
-routes where two or more cables exist, such shielding is obtained by 
employing two separate cables, with transmission in one direction 
only, in each section of cable. On single-cable routes, a similar ar- 
rangement is obtained by adding a small cable. Where there is no 
cable, two small cables may be provided. Also, satisfactory shielding 
between the carrier pairs used for opposite directions of transmission 
has been obtained in short experimental lengths of cable by the use of 
a layer shield. 


Frequency Allocation 
In contrast to the original Morristown system, which gave nine 
one-way channels per pair in the range from 4 to 40 kilocycles, the 
type K system has twelve channels in the range from 12 to 60 kilo- 
cycles. As shown in Fig. 2, the frequency range of the type K system 
is roughly double that of preceding open-wire carrier systems.? The 
choice of 12 and 60 kilocycles as the lower and upper frequency limits 
was governed by economic considerations, and there is nothing tech- 
nically insurmountable either in going to considerably higher fre- 
quencies or in utilizing the lower frequency range, which is now idle 
except for the use of the d-c. path for purposes of transmission regu- 
lation and fault location. Important factors influencing the selection 
of the upper frequency are the crosstalk, which depends on the number 
of pairs utilized for carrier in one cable and the extent to which special 
crosstalk balancing means are used, and the attenuation, which largely ! 
controls the spacing between repeaters. Factors affecting the lower 
limit include the difficulty of maintaining accurate transmission 
regulation over the whole frequency range, and the design of the 
repeater, which becomes harder as the ratio of maximum to minimum | 
transmitted frequency is increased. 


The frequency range between 12 and 60 kilocycles accommodates 
12 speech channels, each occupying a gross band of 4 kilocycles. The 
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wn 


single sideband method of transmission is employed, with carrier fre- 
quencies suppressed. The choice of a group comprising 12 channels 
was influenced not alone by the requirements of the type K system 
itself but also by those of other broad-band systems. From the 
earliest stages of the broad-band development it was recognized that 
there would be considerable advantage from the standpoints of flexi- 
bility of interconnection, of minimum development effort, and of large 
scale production of equipment units, if the designs of different broad- 
band systems could be so coordinated as to enable the same design 
of channel terminal equipment to be employed for each. A common 
12-channel terminal unit developed for this purpose is used in the type 
KX system. 


15.0 T 


o 
w 


| 
T 
| | 
| 
| 
a H T 
| | 
5.0-—H 
° | | 
| 
+ 
| | | 
| | | | 
-2.5- + ~— + + 
| | 
| } 
fe) 500 1000 i500 2000 2500 3000 3500 


FREQUENCY IN CYCLES PER SECOND 


Fig. 3—Transmission frequency characteristics of overall circuit. 


The spacing of the channels in broad-band systems is important 
from the standpoint of the channel selecting circuits and the width of 
the derived voice circuit. As discussed in a recent article, a uniform 
4000-cycle interval has been adopted for the different channels of all 
broad-band systems. The speech band width obtained with this 
spacing is in keeping with recent improvements in telephone instru- 
ments and other parts of the telephone plant. Overall transmission- 
frequency characteristics for a single link and a five-link connection 
are shown in Fig. 3. 


Cable Attenuation 


The type K system is designed to be applied to the No. 19 AWG 
(0.9 mm.) pairs commonly found in existing cables. (The Morristown 
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system used 16-gauge pairs.) Because the conductors are small and 
closely spaced, with paper and air dielectric, the attenuation of a 
non-loaded 19-gauge pair at the frequencies involved is inherently 
high, as will be seen from Fig. 4. Because of the high attenuation, 
the repeaters must be placed much closer together than is necessary 
for voice-frequency cable circuits. Fortunately this effect is partly 
offset by the fact that it is possible, as discussed later, to use higher 
gains in the carrier repeaters. 

The cable pairs exhibit the rise in attenuation with frequency which 
is familiar in most transmission circuits. This effect is brought about 
largely by the increase in conductor resistance, due to skin effect, and 
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Fig. 4—Attenuation of 19-gauge non-loaded cable pair. 


the increasing dielectric losses. More important than this, however, 
is the fact that the resistance of the wires and the other ‘‘constants”’ 
of the cable pair undergo variations with temperature, which in turn 
affect the attenuation. The magnitude of the result for a representa- 
tive non-loaded 19-gauge cable pair is illustrated by the curves of Fig. 
4, which show, respectively, the attenuation for an average tempera- 
ture, assumed to be 55° F., and for 0° F. and 110° F. The latter 
values, often taken as the extremes of annual variation for an aerial 
cable, are in fact frequently exceeded. One reason for this is that 
when the sun is shining directly on an aerial cable, it may assume a 
temperature from 15° to 25° above that of the ambient air. The 
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range of temperature variation (and attenuation variation) for an 
aerial cable may be half as much in one day as in an entire year. For 
an underground cable, changes of temperature occur quite gradually 
and the total annual variation is about one-third of that for an aerial 
cable. 

These relations between the attenuation of a cable pair and the 
frequency and temperature are of fundamental importance in the 
design of the type K system. First of all, since the attenuation at 60 
kilocycles is about 4 db per mile, the total attenuation for a cable 
circuit of the length used in designing the tvpe K system, i.e., 4000 
miles, would be approximately 16,000 db. This must be offset by a 
corresponding gain. 

In the next place, differences in the attenuation at the different fre- 
quencies would, if uncorrected, become so great that signals of the less 
attenuated channels would overload the repeaters, while those of the 
more attenuated channels would drop down into the noise region. 
Hence, each repeater must be given a gain-frequency slope which is 
complementary to the attenuation slope of the line. 

Finally, the changes of transmission due to temperature variations 
and other causes must be compensated so precisely that the net vari- 
ation in each channel is held within very narrow limits. The method 
of doing this is explained later. Here it is interesting merely to con- 
sider the magnitude of the problem. For the top channel, assuming 
a 4000-mile circuit, the annual variation in attenuation of an aerial 
cable pair might be approximately 2000 db. The systems thus far 
installed have, of course, been limited to much shorter distances than 
this. 

Even if the change of attenuation with temperatures were related 
to frequency by a simple law, correct compensation over the frequency 
range would be far from easy. To a casual inspection the differential 
between any two curves of Fig. 4, for example those for 55° F., and 
110° F., will not appear serious. This differential, which becomes very 
large for a long circuit, is a complicated function of the frequency. 

The attenuation differential with temperature can be considered as 
made up of two components, one which is independent of frequency 
and another which varies with frequency. The former component, 
which is much the larger, requires a gain adjustment which is uniform 
or flat over the frequency range of the system. The latter component 
is frequently referred to as the ‘“‘twist.”’ For the range from 12 to 60 
kilocycles, the maximum change of attenuation with temperature 
occurs near 28 kilocycles. Hence this frequency has been used as a 
datum point in determining the twist. The shape of the twist com- 
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ponent is apparent from Fig. 5, which shows the net loss per mile at 
temperatures of 0° F., and 110° F., assuming that the attenuation has 
been equalized so as to obtain a flat characteristic at 55° F., and that 
the gain is then adjusted so as to hold the transmission constant at 28 
kilocycles as the temperature varies. Although the twist is small 
enough so that it need not be corrected at each repeater, it is too large 
to be allowed to accumulate over a very long distance. 
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Fig. 5—Twist characteristics of 19-gauge non-loaded cable pair. 

Crosstalk 


As noted above, crosstalk between opposite directions of transmission 
is avoided by using two separate cables (or shielded compartments in 
the same cable). To prevent crosstalk in offices, special measures are 
employed. There remaias the problem of ‘‘far-end” crosstalk between 
pairs in the same cable which transmit in the same direction. The 
pairs are packed closely together, and substantial crosstalk occurs 
between them because of small departures from symmetry and slight 
imperfections of twisting. However, by abandoning the use of 
phantoms and by connecting small adjustable mutual inductance coils 
between each carrier pair and every other carrier pair, sufficient cross- 
talk reduction is obtained to permit transmission up to 60 kilocycles 
on a substantial number of pairs. The scheme is illustrated in Fig. 6. 

In the original Morristown cable, the crosstalk was reduced in part 
by separating the 16-gauge carrier pairs from one another by 19-gauge 
quads which served as spacers. With existing cables, however, the use 
of spacers would be impracticable since this would require resplicing 
the cable at every joint, and therefore reliance must be placed largely 
on balancing. Since the number of combinations to be balanced 
increases approximately as the square of the number of pairs employed 
for carrier, the number of balancing coils required for even a moderate 
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complement of carrier pairs becomes quite large. With 40 carrier 
pairs, for example, the number of coils required is 780. The balancing 
coils are mounted on panels as shown in Fig. 7 and are connected 
together in a crisscross arrangement. Each repeater section is 
balanced separately, the balancing panels being located in the repeater 
station. 


REPEAT- INTERMEDIATE LINE | BALANCING REPEAT- 
; ERS , SHOWING PATHS OF | COILS ERS ! 
| CROSSTALK | 
| | | j 
| 
T 
A 
| | BO | UY {* 
--— 7 1 


Fig. 6—Method of balancing out crosstalk. 


Other measures are necessary to supplement this balancing tech- 
nique. To reduce the crosstalk coupling, and also to average the 
transmission characteristics of different pairs, the carrier pairs in dif- 
ferent quads of an existing cable are respliced about every mile so as 
to approach random splicing. The crosstalk coupling between the 
two sides of a quad is reduced by test splicing at the middle of a 
repeater section and the quads are split at repeater points. In anew 
cable, of course, the desired splicing arrangements are introduced at 
the time of installation. The carrier pairs are also transposed from 
one cable to the other as indicated in Fig. 1. This avoids interaction 
crosstalk that would take place, through the medium of the voice- 
frequency pairs, between the high-level carrier outputs on one side of 
a repeater station and the low-level inputs on the other side. There 
is of course, a similar effect between carrier pairs at any point in a 
repeater section. This is much less serious since no level difference is 
involved, but it does tend to limit the effectiveness of the balancing 
over a range of frequencies. 

Reflections resulting from impedance irregularities reverse the direc- 
tion of propagation and therefore produce far-end crosstalk from 
near-end crosstalk. This crosstalk cannot readily be balanced out 
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over a range of frequencies. To avoid it, it is necessary that the im- 
pedances of successive lengths of cable pair be substantially uniform 
and also that the impedance of the equipment be closely matched to 
the characteristic impedance of the cable pair. 


Fig. 7—Crosstalk balancing panel. 

Noise 

The cable pairs are fairly well protected by the lead sheath from 
external electrical disturbances. However, high-frequency noise 
originating in the voice-frequency repeater stations due to relay opera- 
tion, etc., would, unless prevented, enter the cable over the voice- 
frequency pairs and thence would be induced in the carrier pairs. 
Such noise would be excessive at the low-level carrier inputs. It is 
avoided by connecting, in each voice-frequency pair in the ‘“‘low level” 
cable on each side of a voice-frequency repeater station, a coil which 
suppresses longitudinal noise currents. Similarly, it is necessary to 
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keep high-frequency noise from entering the cable where open-wire 
pairs tap into it and frequently also where branch cables are con- 
nected. For this purpose simple noise suppression filters are em- 
ployed. With these and other measures the noise on the carrier pairs 
can, at the highest frequencies where the amplification is greatest, be 
brought within a few db of the basic noise due to thermal agitation of 
electricity in the conductors themselves. 


Velocity of Transmission 

Voice waves travel through loaded cable circuits at from 10,000 to 
20,000 miles per second, the higher speed being used for the longer 
circuits. On very long connections, even if echo suppressors are 
employed this velocity results in transmission delays which introduce 
difficulties in conversation.” The use of non-loaded conductors for 
the type K systems results in an overall velocity of transmission of 
about 100,000 miles per second, a speed so high that such difficulties 
are greatly reduced and satisfactory telephone conversations are 
possible over the longest distances for which connections may be 
required. 

REPEATERS 


Since the noise level in the cable circuits can be made quite low, the 
carrier currents may be permitted to drop to levels below those used 
on voice-frequency circuits or on open-wire carrier circuits, and the 
repeaters may have higher gains. In the cable carrier system, the 
noise has been so reduced that the level of the top channel at the 
repeater input may on the average be dropped about 60 db below the 
voice level at the transmitting switchboard. The amplifier gains at 
the top frequency range from about 50 to 75 db, and the output level 
of each of the 12 channels is about 10 db above that at the switchboard. 
The average repeater spacing is about 17 miles. 

The tube which was developed for the gain stage of the amplifier 
is a pentode with indirect heater. The heater requires a potential 
of 10 volts and a current of 0.32 ampere and the plate 150 volts. The 
tube in the power stage is similar in type but requires a heater current 
of 0.64 ampere at 10 volts. With this power tube a feedback of about 
AO db has been found to provide a satisfactory reduction of inter- 
channel modulation. Both tubes were designed to have long life 
with very reliable performance. 


Description of Amplifier 
Each repeater comprises two amplifiers of the type illustrated in 
Fig. 8. A schematic diagram of the amplifier circuit is shown in 
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Fig. 9. Three stages with impedance coupling are used and the feed- 
back circuit is connected between the plate circuit of the last tube and 
the grid circuit of the first. The amount of gain and the slope of the 
gain-frequency characteristic are controlled by the condensers and 
line equalizer in the feedback circuit. 


EQUALIZER 
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REVERSIBLE 


SYNCHRONOUS 
REGULATOR | RECEIVER MOTOR 
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JACKS CONDENSER ULATOR CONDENSER 


Fig. 8—Line amplifier. 
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Fig. 9—Schematic of line amplifier. 


The line equalizer has the same attenuation slope as the line. In 
the introduction of this equalizer in the feedback circuit careful atten- 
tion to phase shift requirements was required. Four typesof equalizers 
are available, for different repeater spacings, to compensate for the 
cable distortion which occurs at a temperature of 55° F., additional 
means being provided to compensate for variations which occur as the 
cable temperature swings away from this value. The solid curve of 
Fig. 10 shows a repeater gain characteristic with one of these equalizers 
in the feedback circuit. 
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The correction introduced by the line equalizers is subject to errors 
which, although small at each repeater point, become important for 
a moderate length of system. Supplementary equalizers have been 
designed to correct for these. Two types of deviation are considered, 


T 
—+- 
| | 
| 
| 
| 
W 
QO 55 
z 50 7 
a | CHANGE IN GAIN 
OBTAINED FROM FLAT-| | | 
CONDENSER 
a | } 
| 
35 


ie] 5 10 IS 20 25 30 35 40 45 50 55 60 65 10 
FREQUENCY IN KILOCYCLES PER SECOND 


Fig. 10—Amplifier gain characteristics. 


that of the cable and that of the amplifier. As the characteristics of 
cables manufactured at different times show slight departures from 
one another, two shapes are required to correct their deviations. 
There is one correction for concave deviations and another for convex. 
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Fig. 11—Characteristics of cable deviation equilizers. 


The amplifier requires but one type of correction. The characteristics 
of these equalizers are shown in Figs. 11 and 12. The equalizers for 
amplifier deviations are used about every 10th repeater and those for 
the cable deviations, at distances of 300 to 400 miles. At normal 
temperature (55° F.), the correction applied by these networks will, 
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for a 500-mile system, result in a frequency characteristic which is fla‘ 
to within less than 2 db over the range from 12 to 60 kilocycles. Fo: 
a longer circuit further corrective measures will be provided. 
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Fig. 12—Characteristics of amplifier deviation equalizer. 


Regulation for Temperature Effects. 

The method adopted for controlling the repeater gain to compensate 
for temperature changes is similar to that which has been found satis- 
factory for voice-frequency cable circuits. This is the pilot wir« 
method in which a pair of cable conductors extending over the section 
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Fig. 13—Flat gain master controller. 


to be regulated forms one arm of a Wheatstone bridge. This bridge 
is designed for automatic self-balancing and the mechanical motion 
required for establishing the balance has been made to adjust the 
gain of the amplifiers. The d-c. resistance of the pilot wire gives an 
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accurate indication of the temperature of the carrier pairs which 
determines their attenuation to a close approximation. The motion of 
the bridge mechanism is communicated to the repeater amplifiers by 
means of ‘self-synchronizing motors, a master motor being associated 
with the bridge and an individual motor with each amplifier. 

With aerial cable a flat gain correction must be made at every 
repeater. With underground cable the flat gain correction may be 
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Fig. 14—Characteristics of twist regulator networks. 


omitted at some repeater points. Figure 13 shows a master controller 
with its galvanometer, driving motor, and self-synchronizing motor. 
The air condenser in the feedback circuit of Fig. 8 makes this cor- 
rection. The small self-synchronizing motor which may be seen in 
this figure is geared to the condenser and it moves the air condenser 
corresponding to the motion of the master motor. The resulting 
change in repeater gain is virtually the same for all frequencies in the 
transmitted band. In Fig. 10 the repeater gain is plotted against 
frequency for three angular positions of the condenser. 
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As was mentioned earlier, an additional correction for the residual 
effect or ‘‘twist”’ is required about every six repeaters to supplement 
the flat gain adjustment. This distortion is a function of frequency 
and has been found to vary from cable to cable. A network the 
characteristics of which are shown in Fig. 14 has been developed to 
meet this condition. Certain fixed resistances in the network are 
selected to correspond to the length and twist characteristic of the 
cable section considered. A variable resistance in the network is 
adjusted automatically using a control similar to the flat gain regu- 
lator. Figure 15 gives the transmission characteristics of a 150-mile 
regulator-controlled circuit under two temperature conditions. 
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Fig. 15—Overall transmission-frequency characteristic of 150-mile line. 


Auxiliary Repeater Stations 

Cable carrier systems are expected to be used largely on existing 
toll cable routes which now carry voice-frequency circuits. The aver- 
age spacing of the stations housing the voice-frequency repeaters on 
these routes is about 50 miles. The same buildings with their power 
plants will also care for the cable carrier repeaters. Since the maxi- 
mum spacing for the carrier repeaters is about 19 miles, additional 
carrier repeaters must be provided at intermediate stations (two is the 
usual number). The various design features of the equipment to be 
located in these stations have been made the subject of extensive 
development work and field tests. These stations are designed to 
function with a minimum of attention and are visited at intervals for 
routine testing work or as required by some emergency, but resident 
maintenance forces are not planned for them. The present equipment 
is expected to be suitable not only for auxiliary stations on existing 
cable routes but also for cases where a greater spacing than 50 miles 
between the attended stations may be desired on new routes. 

A voice-frequency repeater station for a single cable and a cable 
carrier auxiliary station are shown to approximately the same scale 
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in Figs. 16a and 16b, respectively. Many of the existing voice- 
frequency stations are even larger than that shown in Fig. 16a. The 
auxiliary building shown in Fig. 16b has about 600 feet of floor space 


Fig. 16a—Voice frequency repeater station on single cable route. 


with a ceiling height sufficient to take care of 11'6” relay racks. This 
building will house 100 repeaters with necessary auxiliary equipment, 
thus providing ultimately for a total of 1200 carrier circuits. The 
interior of a typical auxiliary station is shown in Fig. 17. 


Fig. 165—Auxiliary cable carrier repeater station. 


The main power plant for the repeaters consists of a 152-volt 
storage battery, which is continuously floated across a grid-controlled 
rectifier fed from the 60-cycle power mains. The voltage of the entire 
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battery supplies the plate voltage for the tubes. Each amplifier re- 
quires about 22 volts for the tube heaters and this is obtained by 
dividing the battery into seven sections, each section supplying several 
amplifiers in parallel. Additional power supplies of 55-volt alternating 


Fig. 17—Inter‘or of auxiliary repeater station. 


current and 140-volt direct current are required for the regulator 
system. 

In the station, there are alarm circuits, which signal the nearest 
attended office if trouble develops. There are alarms for blown fuses, 
high or low battery voltages, power failures, etc. A telephone order 
wire to the nearest attended station is provided for the maintenance 
force. 
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In addition to the line amplifiers with their regulating equipment, 
there are racks mounting the crosstalk balancing coils. There are also 
sealed terminal units between the outside cable or the balancing units 
and the office cable. These furnish access to the line or equipment 
through jacks. 


TERMINALS 


The minimum distance over which a cable carrier system can be 
operated economically is determined in large measure by the cost of 
the terminal apparatus. Hence, the field of usefulness of the system 
is greatly increased by keeping the terminal cost as low as is consistent 
with satisfactory performance. Numerous developments during the 
past few years in connection with modulation, filtering and methods 
of carrier supply have all contributed materially toward this end. 
At the same time, the standards of performance have not only been 
maintained, but in many respects substantially improved. 


Channel and Group Modulation 


In the design of the terminals for the type K system, a number of 
circuit arrangements were considered, the final choice being influenced 
to a considerable extent by the conditions imposed upon the filters. 
As noted above, the desirability of using the channel terminal equip- 
ment in other broad-band systems, such as those for open-wire or 
coaxial cable, was also an important factor. The circuit arrangements 
selected have a first stage of modulation which raises the voice fre- 
quencies of the 12 channels up to a range of 60 to 108 kilocycles. This 
range is favorable to the use of crystal type band filters,” which have 
transmission characteristics superior to the coil and condenser type 
and seem to be no more costly. For the type K system, a single stage 
of group modulation shifts the frequencies to the range required on 
the line, 12 to 60 kilocycles, and a similar stage at the receiving end 
returns them to the 60 to 108-kc. range. Other carrier systems will 
also use the 60 to 108-kc. channels and by group modulation shift 
them to the desired position in the frequency spectrum. 

The band filter occupies a space on the relay rack equal to 1/8 of 
that required by the coil and condenser type which was used in the 
earlier model of this system. Its attenuation characteristic in the 
transmitting region is flat to within 1 db over a range of about 3100 
cycles. Immediately outside of this range the attenuation rises very 
rapidly, thus permitting very efficient use of the frequency spectrum. 

Another new device on the terminal is the copper-oxide unit used in 
the modulating process. These units are expected to show a stability 
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of the same order as that of coils and condensers, and require practic- 
ally no maintenance as compared to vacuum tubes. 

The translation of the channels from the 60 to 108-kc. range to the 
position required for cable carrier, 12 to 60 kilocycles, is made by a 
stage of group modulation. A copper-oxide group modulator is used 
and a carrier frequency of 120 kilocycles. The reverse of this process 
in a similar group demodulator at the receiving end steps the frequency 
back to its original range, 60 to 108 kilocycles. These processes of 
modulation take place at points of low-energy level in the circuit with 
a comparatively high level of carrier, so that the inter-channel crosstalk 
which results from unwanted products of modulation is unobjection- 
able. Low-pass filters are inserted after the group modulator and 
demodulator, and amplifiers with flat gain characteristics are supplied 
to raise the levels of the output currents of the group modulators or 
demodulators. 


Carrier Supply 


The carrier frequencies which are required at a terminal are obtained 
from the harmonics of a base frequency. The carrier supply system 
is common to as many as 10 systems in one office. This simplification 
was made possible by the selection of the channel frequencies as mul- 
tiples of a base frequency, 4 kilocycles being chosen for this system. 
This base frequency is produced by an oscillator in which the control 
element is a tuning fork, the whole unit being designed to have the 
necessary output and frequency stabilities. The output of the oscil- 
lator is amplified and fed to a circuit which produces the desired 
harmonics. All of the carrier frequencies which are required for the 
different channels as well as for group modulation and demodulation 
are obtained from these harmonics. A small coil with a permalloy 
core is the important agent in this process.’ 

Failure of the 4-kc. supply, or failure of the 120-kc. supply used for 
group modulation, would cause failure in the channels of all systems 
operating from this supply. Provision is made for such a contingency 
by an emergency carrier supply which is automatically switched into 
service when the regular supply fails. This reserve source duplicates 
all of the parts of the regular supply, 4-kc. fork, amplifier, harmonic 
producer, and amplifier for the 120-kc. carrier. 


Assembly 


The different panel units which make up the terminal of a type 
K system are assembled on a functional basis with similar panels of 
other K systems, the channel modulator-demodulator panels in one 
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bay, the carrier supply in a second, the group modulator and demodu- 
lator in a third, etc. The compactness of the equipment makes it 
possible to mount the modulators and demodulators for 18 channels 
on one 11 ft. 6 in. bay 19 inches wide. 


Signaling 

The same type of ringdown signaling equipment is used with the 
channels of this system as with the voice-frequency toll circuits. A 
1000-cycle tone, interrupted 20 times per second, is impressed on a 
channel terminal, modulated, and transmitted over the carrier system 
in the allotted channel band. At the far end, it is demodulated to 
operate the receiving end of the standard voice-frequency signaling 
circuit, or to be transmitted along an extended voice-frequency circuit 
to its terminal. 


Fig. 18—Vacuum tube test set. 


Telegraph and Program Applications 


Voice-frequency telegraph can be superimposed on any of the carrier 
channels as is now done on the three-channel open-wire systems. 
Equipment is being developed to include a program channel on the 
cable carrier system. This will be done by devoting to the program 
circuit the frequency space occupied by two of the 4-kc. speech bands. 
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SysTEM MAINTENANCE 
Arrangements are provided whereby the tubes may be tested on a 
routine basis as has been done in voice-frequency practice. The 
amplifier panels, however, are provided with test jacks which are con- 


Fig. 19—Testing oscillator. 


nected to resistances in the plate circuits. A reading of the voltage 
across the resistance gives a measure of the plate current for the 
associated tube without disturbing the amplifier performance while 
- the amplifier is in service. A portable tube testing set, Fig. 18, has 
been designed for this measurement. 
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Provision is being made for the removal of an amplifier from an 
active circuit without interruption of service. A spare amplifier at 
each repeater station can be substituted for the active one by con- 
necting it to jacks at the sealed terminal and operating associated 
relays to make a quick transfer. 

Apparatus is also furnished which permits the substitution of a new 
link between attended points for one which develops trouble. A 
complete high-frequency circuit for each direction of transmission will 
generally be reserved asaspare. It can be substituted for any working 


Fig. 20—Transmission measuring set. 


high-frequency circuit without interfering with service by paralleling 
the transmitting ends of the spare and working circuits and patching 
the receiving ends through relays. The operation of a key controlling 
these relays substitutes the spare circuit for the working one with a 
transient disturbance of but 1 or 2 milliseconds. 

Three pilot frequencies, 15.9, 27.9 and 55.9 kilocycles, which are 
produced at the transmitting terminals, may be used to check the 
levels at the main repeater points and the receiving terminals. This 
is done by means of a special testing circuit which can be bridged across 
a pair to detect the level of the pilots without interference to service. 
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A heterodyne oscillator having a frequency range from 60 cycles to 
150 kilocycles has been developed for use in testing this and other 
carrier systems. Its frequency is calibrated at 60 cycles against the 
power mains and at 100 kilocycles against a quartz crystal. This 
oscillator is shown in Fig. 19. A portable test set, developed for 
measuring transmission gains and losses with high precision, is shown 
with the cover removed in Fig. 20. 


CONCLUSION 


The type K system makes possible the application of carrier to toll 
cables of existing type, whether installed underground or aerially. 
The blocks of 12 circuits each, which it furnishes, seem to be a con- 
venient size for routes where large numbers of circuits are concen- 
trated. It is to be expected, of course, that substantial modifications 
and improvements will be made in this system through further develop- 
ment effort. In its present form, however, it constitutes an important 
stage in the history of carrier development. Plans already under way 
call for the application of large numbers of such systems to meet rapid 
growth in long distance traffic. 

This new system forms merely one phase of a concerted development 
effort on broad-band carrier transmission systems.*: There is 
every indication that, taken collectively, these broad-band systems 
will have far reaching effects upon the toll telephone plant of the Bell 
System. A transition is already under way from the time when carrier 
was used only on open wire, and comprised only a small part of the 
toll plant, to a time when carrier systems will furnish a major part of 
the toll circuit mileage of the Bell System. The type K system is 
clearly destined to play an outstanding part in this evolution of the 
toll"plant along carrier lines. 
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Cable Carrier Telephone Terminals * 
By R. W. CHESNUT, L. M. ILGENFRITZ and A. KENNER 


This paper describes the circuits, performance and equipment 
features of the terminals of a new 12-channel carrier system for 
application to existing toll cables. The 12-channel group of ter- 
minal apparatus has been designed also to form a basic part of the 
terminals of other carrier systems now under development, such as 
the type J system for open wire and the coaxial system. 


INTRODUCTION 


Ar twenty years ago the first commercial carrier telephone 
system was installed between Baltimore and Pittsburgh. Until 
recently, telephone circuits were obtained by carrier methods largely 
on open-wire lines. The notable exceptions were on short deep sea 
submarine cables.!:? Ten years ago, experiments were initiated 
which have now resulted in the design of a carrier system which can be 
applied with substantial economy to existing long distance toll cables 
on land. Its general features are described in another paper.’ The 
present paper describes in detail the circuits and performance of the 
carrier terminals of this system. 


GENERAL FEATURES 


The carrier system for existing cables, designated type ‘‘K,”’ is de- 
signed to provide twelve telephone channels in the frequency range 
between 12 and 60 kilocycles, using one non-loaded 19-gauge paper 
insulated cable pair in each direction. Previous carrier systems em- 
ployed for open-wire lines used vacuum tubes for the modulating or 
translating circuits and electrical filters composed of coil and condenser 
networks for separating the frequency bands associated with the re- 
spective channels. The terminals of the new type ‘‘K” system are 
simpler and yet provide improved performance by using copper oxide 
bridges for the modulation function and quartz crystal filters ¢ for the 
separation of the individual channel bands. 

The quartz crystal filter is economical only in a comparatively high- 
frequency range, necessitating the use of high intermediate frequencies. 
The high intermediate frequencies are reduced by a second stage of 
modulation to the desired range of frequencies for transmission over the 


* Presented at Winter Convention of A. I. E. E., Jan. 24-28, 1938. 
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line. Copper oxide bridge circuits again are used for this group modu- 
lation stage. In all cases they are connected to suppress the carrier. 
To provide the various carriers required for modulation and demodula- 
tion, a carrier supply system has been designed somewhat along the 
lines of an office power distribution system using bus bars and pro- 


.tective arrangements for the various carriers. Each carrier supply 


system is capable of supplying as many as ten carrier terminals, or a 
total of one hundred and twenty two-way channels. 

Because of the large number of circuits involved, every effort has 
been made to provide reliable operation of the carrier supply and 
common terminal equipment. The terminal and carrier supply equip- 
ment is designed to permit maintenance tests for checking the per- 
formance of amplifier tubes and to permit switching between regular 
and spare equipment without interruption of the large number of 
circuits involved. 

The emphasis placed upon ease of maintenance and the necessity for 
more careful handling of higher-frequency circuits have resulted in 
new equipment design features. These include new cable terminals, 
new shielded office cabling, and panels arranged for front wiring and 
maintenance which are mounted on racks having wiring ducts at both 
edges of the bays. In the following sections a more detailed descrip- 
tion is given of the circuits, their performance, equipment and main- 
tenance features. 


Circuits 


The frequency allocation for one direction of transmission and a 
block schematic of one terminal are shown in Figs. 1 and 2, which sup- 
plement each other and need little explanation. The twelve voice 
bands shown at the left in Fig. 1 are modulated individually in the 
channel modems.* This forms a 12-channel block lying between 60 
and 108 ke. which is then modulated in the group modulator by a 120 
ke. carrier to move the block down in the range from 12 to 60 kc. for 
transmission to the distant terminal. On the receiving side the 
processes are reversed. One of the channels, as well as the group 
modem of Fig. 2, is presented in more circuit detail in Fig. 3. This 
shows the circuit from the point where the voice comes into the carrier 
system to the point where the twelve carrier sidebands go out onto the 
cable and vice versa. 

At the left the four-wire terminating circuit serves, not only as a 
device to transform from a two-wire to a four-wire circuit, but also as a 

* The term “modem” has been coined to mean a panel or equipment unit in which 


there is both a modulator and a demodulator to take care of both the outgoing and 
the incoming signal. 
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high-pass filter to eliminate, from the input to the carrier system, 

noises below about 200 cycles, such as telegraph harmonics, 20-cycle 

ringing, 60-cycle power, etc., which may be present on connected voice- 

frequency circuits. Otherwise these noise frequencies, which are below 

the voice range, would modulate and pass through the terminal to load 

unnecessarily the carrier repeaters along the line, as well as to inter-. 
fere with the level indications of the pilot channels. 
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Fig. 1—Frequency allocation. 


From the terminating equipment the circuit loops through jacks 
which have paralleled contacts for reliability. The level at this point 
is — 13 db compared with the transmitting toll switchboard, which 
level is expected to be generally used in the Bell System for all multi- 
channel carrier telephone systems. Then comes the channel modula- 
tor which consists of four copper-oxide discs, each three-sixteenths of an 

a inch in diameter, potted ina small can. This makes a very simple and 
inexpensive modulator which is much more satisfactory than tubes. 
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Fig. 2—Block schematic. 
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It seems to have an indefinite life. (Some have been on life tests as 
modulators for about five years.) The carrier power required is 
about 1/2 milliwatt to modulate satisfactorily a single telephone 
circuit level of — 13 db. 

The modulator produces the usual two sidebands and the lower one 
is selected by the quartz crystal channel filter described in another 
paper. This sideband, joined by eleven others, is stepped down to 
about the iterative impedance of the shielded office cabling. In the 
office cabling the twelve channels pass through the high-frequency 
patching bay to the double balanced group modulator of copper oxide 
where they are joined by three pilot channel frequencies. 

The group modulator uses the same copper oxide as that in the 
channel modulator described above, but the carrier power is about 50 
times greater (about 25 milliwatts) in order to keep down unwanted 
modulation produced between the twelve sidebands. To that same 
end the level of each sideband is made low (— 46 db), and the double 
balanced type of circuit is used to balance out some of the undesired 
products. It also balances out the twelve incoming bands in the range 
60 to 108 kc. from the output and so simplifies the following group 
modulator filter. 

From a level of — 57 db the twelve channels, now in the range from 
12 to 60 kc., are amplified to + 9 db for delivery to the 19-gauge pair 
in the lead covered toll cable. The amplifier is a three-tube negative 
feedback type, using pentodes and operating with 154 volts plate bat- 
tery which is composed of the usual 24-volt filament battery and 
130-volt plate battery in series. The last tube is a power tube and 
does not overload until a single-frequency output of about one watt 
is reached. 

On the receiving side in Fig. 3, the twelve incoming channels, in 
the range from 12 to 60 kc., pass from the amplifying and regulating 
equipment,’ to the group demodulator. This is identical with the 
group modulator described above and transfers the twelve channels 
to the range 60 to 108 kc. The channels are then amplified to a — 5 
db level by an amplifier of the negative feedback type using two low- 
power pentodes with 154-volt plate battery as described above for 
the transmitting amplifier. 

From there the twelve channels are separated by the filters which 
are identical with those on the transmitting side, and are then demodu- 
lated and amplified to a + 4 db level as shown for one channel in 
Fig. 3. The demodulator is identical with the modulator but it is 
poled oppositely on the carrier supply so that the d-c. components of 
modulation in the modulator and demodulator neutralize each other 
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and thereby avoid developing an undesirable voltage bias. The poling 
also reduces somewhat the amount by which stray frequencies have to 
be suppressed in the carrier supply. The demodulator amplifier has a 
slide wire gain control rheostat to equalize channel levels, which func- 
tions by changing both the grid bias on the tube and the amount of 
negative feedback which is introduced by the rheostat. The sliding 
contact in the slide wire is made practically free from contact trouble 
by the space current of the tube flowing through it. As the rheostats 
are only about 1000 ohms and small in size, they can easily be mounted 
at a distance from the amplifier in the voice-frequency jack field. 

The carrier supply for the twelve channels from 64 to 108 ke., and 
for the group modems of 120 kc., is derived in the circuit shown in 
Fig. 4. A regular generator is shown at the top in solid lines and an 
emergency generator at the bottom is shown in dotted lines. Between 
the two is an automatic transfer circuit (in dotted lines) which trans- 
fers to the emergency whenever the regular generator fails to supply 
the proper amount of 120 kc. to the 120 kc. bus. 

At the upper left-hand corner is shown a 4-kc. tuning fork, of an 
alloy having a low temperature coefficient driven by the tube to its 
right to operate as an oscillator of very stable frequency. The next, or 
control tube, amplifies the 4 kc. to drive the push-pull power stage 
where a power of about 4 watts is developed. This passes through the 
4 ke. filter to the non-linear coil where odd harmonics of 4 kc. are pro- 
duced. The underlying principles of operation of this coil have been 
published.’ To derive even harmonics of 4 kc., the copper-oxide bridge 
is used which rectifies about half the energy of the complex wave of odd 
harmonics but, by balance, greatly reduces the amount of the odd 
harmonics present in its output. Odd harmonics are obtained at one 
point and even at the other. This separation into odd and even har- 
monics by the balance of the copper-oxide bridge provides effective 
loss of about 30 to 40 db and reduces the requirements on the carrier 
supply filters which follow. 

The two branches pass through hybrid coils to the banks of channel 
carrier supply filters. These separate the frequencies and feed them 
to twelve carrier supply bus bars, one for each channel frequency. 
From these the individual modems are fed through protective resis- 
tances so that an accidental short circuit on one of the modems will 
not cut off the carrier supply to the others. 

The hybrid coils permit the two generators to be connected so that 
either can feed into the same bank of channel carrier supply filters 
without being reacted upon by the other. No switching is required 
when changing from regular to emergency supply. 
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The 120-kc. carrier which feeds the group modulators of ten systems 
or a total of one hundred and twenty talking channels must be very 
dependable. Therefore separate filters are used for the regular and 
emergency supply and separate amplifiers for the large power required 
by group modulators. Regular and emergency distributing buses are 
provided. Each group modulator and each group demodulator is 
wired through protective resistances to the regular bus and through 
another set of protective resistances to the emergency bus. With this 
arrangement an accidental short circuit even across one of the busses 
or across one of the output coils of one of the 120-kc. amplifiers will not 
stop the whole supply of 120 kilocycles. 

The 4-kc. oscillator of the emergency generator is in constant 
operation so that when it is needed no time is required to start it, 
but the grid bias on the second tube is held above its cutoff value by 
the automatic transfer circuit. This prevents the 4 kc. from going 
further until called for in an emergency. 

An emergency is indicated when there is no 120-kc. supply on either 
the regular or emergency bus. When this happens, the copper-oxide 
rectifier in the transfer circuit gets no 120 kc. and so loses its rectified 
voltage. This triggers off one or both of the two gas-filled tubes 
(multipled for safety) which increases the grid bias on the control tube 
of the regular generator to stop its 4 kc. supply and at the same instant 
restores the bias to normal on the control tube of the emergency to let 
its 4 kc. pass through and put the whole emergency circuit into opera- 
tion. The keys in the transfer circuit are provided for maintenance 
purposes, and to return from emergency to regular operation, since the 
gas tube circuit is arranged to transfer automatically in only one 
direction. 

The pilot supply circuit is shown in Fig. 5. The 3.9-kc. tuning 
fork oscillator at the left supplies that frequency, through the three 
transformers, to the three copper-oxide modulators the carriers of 
which are obtained from the regular channel carrier supply bus-bars as 
shown. The three filters, which are identical with channel carrier 
supply filters, select the lower sidebands to be used for pilot frequencies 
at 64.1, 92.1 and 104.1 kc. The three pilot frequencies are distributed 
to the different systems through protective resistances from a bus-bar as 
shown. They are set 100 cycles off the carrier frequencies to obtain 
locations of minimum interference from carrier leak and other sources. 

Signaling circuits do not form an integral part of the carrier terminal 
equipment. Signaling equipment of a type already widely used in the 
Bell System for toll circuits, is connected between the toll switchboard 
and the four-wire terminating set of the individual channel. 
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Fig. 5—Pilot supply circuit. 
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TRANSMISSION PERFORMANCE 


In general, the performance requirements set down as objectives in 
the development of this system were based on the assumption that 
five carrier links operating in tandem and over a 4000-mile circuit 
should give satisfactory, high-grade service. 
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The channel frequency characteristic which has been attained in the 
terminals is shown in Fig. 6. The solid curve below shows the fre- 
quency characteristic of a representative channel, while the dotted 
curves near it show the limits within which the characteristics of all 
single channels, so far measured, would fall. Above in the figure is 
shown the characteristic of five representative channels in tandem, each 
channel having its two voice terminating circuits included. 

The delay distortion and time of transmission, contributed by all 
terminal apparatus at both ends of a system except voice terminating 
sets, are shown in Fig. 7 for a single channel. 
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Fig. 7—Delay characteristic. 


The channel modulators have been adjusted so that they will cut off 
the peaks of excessively loud talk to prevent overloading the carrier 
repeaters or other parts of the circuit, but this cutting is not enough to 
degrade the quality of speech. The single-frequency load curve of 
one complete channel is plotted in two ways in Fig. 8. 

The frequency stability of the oscillating tuning forks is expected to 
be within + 1 X 10° parts per degree Fahrenheit on all systems, with 
negligible variations due to other causes. The amplitude stability of 
each frequency at its distributing bus is expected to be within + 1/4 db 
over a period of months. The impedances of the bus-bars are suffi- 
ciently low so that crosstalk from one system into another through this 
path is unimportant. The effectiveness of the protective resistances 
at the carrier supply bus-bars is such that a short circuit on one modu- 
lator or demodulator will increase the loss in the remaining modulators 
and demodulators less than 1/2 db. The speed of switchover to emer- 
gency carrier supply is such that the disturbance to transmission will 
be less than 10 milliseconds. The effect on speech is not detectable. 
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INCREASE IN EQUIVALENT 
OVER SYSTEM IN DECIBELS 
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Fig. 8—Channel load curve at 1000 cycles. 


MAINTENANCE FEATURES 


Since the type ‘‘K”’ system provides more circuits in a group than 
ever before, it is essential that appropriately better maintenance 
facilities be furnished. Wherever vacuum tubes are used, jacks have 
been included to permit testing the condition of the tube by plugging 
in a new type of test set. The testing of a working tube with this set 
will not produce an appreciable reaction on performance of the circuits 
involved. When it has been determined that a tube in the common 
equipment is nearing the end of its useful life, a special transfer cord 
circuit is used to remove the circuit involving the tube from service 
and to substitute a spare circuit temporarily while the defective tube 
is replaced. This transfer from a regular to a spare and vice versa 
can be made without effect upon service. 
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In a type K terminal office transmission tests are made at the four- 
wire test board shown in Fig. 9, A, where the incoming and outgoing 
voice-frequency circuits appear, and at the high-frequency test board 
shown in Fig. 9, B. At the former, four-wire talking, monitoring and 
testing circuits have been provided for voice-frequency maintenance. 


Fig. 9—Test positions: ‘‘A’’—voice frequency; ‘‘B"—high frequency. 


Adjustment of the equivalents of the individual channels can be made 
from this point as previously described. Much can be done from this 
position by means of monitoring and noise measuring to diagnose 
troubles. 

At the high-frequency testboard the circuits are brought through 
jacks and high-frequency measuring apparatus is provided. Measure- 
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ments can be made on operating systems to determine the performance 
of the intermediate repeaters and regulators with respect to level and 
equalization over the frequency range from 12 to 60 kilocycles. Loss 
and gain measurements also can be made either between this point and 
the voice-frequency four-wire test board, through the carrier terminal 
equipment or through the next adjacent repeater or terminal office at 
high frequencies. It is possible to test the high-frequency portion of 
the terminal and to substitute a spare, by patching or rapid transfer, 
for a defective or potentially defective group modulator, transmitting 
amplifier, group demodulator or receiving amplifier. 

Some of the high-frequency testing equipment is shown mounted on 
the middle bay of Fig. 9, B, of which one of the most important units 
is the 1 to 150-kc. test oscillator located at the center of this bay. 
It is a heterodyne type of oscillator which covers the frequency range 
with a continuous film strip scale about 300 inches long. Its maximum 
output is about one watt and this varies less than 1 db over the entire 
range. It is provided with built-in calibrating features and can be set 
to any frequency with an absolute accuracy of about 25 cycles. It is 
used as the tuning control of the pilot level measuring circuit. An 
auxiliary scale on the oscillator permits tuning the measuring circuit 
directly in terms of frequency. 

The pilot level measuring circuit is of the double heterodyne type 
and includes a copper-oxide modulator which is supplied with carrier 
from the heterodyne oscillator, an intermediate frequency 130-kc. 
crystal filter of 10 cycles band width, a high-frequency amplifier for 
this frequency, a copper-oxide demodulator supplied with carrier from 
a 129-kc. fixed frequency oscillator, a voice-frequency amplifier and 
calibrating circuit. The input impedance of the measuring circuit is 
high so that when it is bridged across a line pair at the high-frequency 
testboard jack fields it does not produce appreciable loss to the line. 
The circuit permits measuring each of the three pilot frequencies to 
check levels and equalization of operating systems. The panels com- 
prising the circuit are shown below the oscillator in Fig. 9, B. 

Mounted on a shelf just below the oscillator is the transmission 
measuring set, which contains a highly accurate thermocouple and 
meter combination with calibrating circuits, wide range repeating coils, 
a test key circuit, and attenuators, one of which can be set in steps of 
1 db up to a total of 90 db. 


EQUIPMENT FEATURES 


Because of the large number of systems likely to be terminated in 
an office, the jacks are concentrated in a group of bays located together 
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for ease in patching and testing. There are in general five major 
divisions of the terminal equipment consisting of channel modem bays, 
group modem bays, carrier supply bays, high-frequency testboard, and 
four-wire voice-frequency patching board and associated voice termin- 


| 
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Fig. 10—Cabling of high-frequency jack bay. 


ating equipment. The general arrangement in an office is such as to 
simplify the cabling between various groups of equipment 

The cabling of a high-frequency jack bay, shown in Fig. 10, illustrates 
the congested wiring condition occurring when a large number of heavy 


3 
cay 
4 
4 
3 
if 
4 
3 
4 
2 
4 


122 BELL SYSTEM TECHNICAL JOURNAL 


shielded wires is run to one location. Because of this congestion the 
jacks in this bay are mounted or removed from the front. 

The concentration of equipment in the modem unit is made possible 
by the small size of the copper-oxide bridges and the filters. Fig. 11, A, 
shows twelve modem units for two systems on adjacent bays with space 
left at the bottom for the six modems of a third system. 


Fig. 11—Carrier equipment bays: ‘A’’—channel; ‘‘B’’—group; ‘‘C’’—carrier and 
pilot supply. 


The group modems are about the same size as the charinel modems 
and include a modulator, a demodulator, a transmitting amplifier, and 
auxiliary receiving amplifier with associated filters. Fig. 11, B, shows 
three units for three systems with space for six additional units at the 
bottom of the bay. 

The carrier supply equipment for ten systems is mounted in one bay 
as shown in Fig. 11, C, which includes the regular and emergency gen- 
erators, transfer unit, distributing equipment and pilot channel supply 
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he panel. The bays of this type are located near their associated channel 

equipment because the supply is chiefly for channel modems. One 
le carrier distributing unit provides for the even and another for the odd 
A, harmonics. All terminals and bus bars of these units which are com- 
ce mon to the ten systems are protected by insulating covers. 


The four-wire voice-frequency jacks for all the systems in an office 
will ordinarily be grouped in associated bays, one of which is shown on 
Fig. 9,4. A bay will accommodate five systems as an average, that 
is, 60 voice circuits including the necessary pads and telephone set. 

The high-frequency testboard is an arrangement of sealed test 
terminals, high-frequency patching jacks and high-frequency testing 
equipment mounted on bays as shown in Fig. 9, B. Only a few high- 
frequency patching jacks were required initially and these were there- 
fore mounted above the sealed terminals. This arrangement of bays 
with the addition of a high-frequency patching bay at the right of 
each sealed terminal bay will accommodate 100 systems. 

The carrier pairs are split off from the main toll cables at splices in 
the cable vault. The input circuits are carried thence in lead covered 
cable to the cable crosstalk balancing bays and thence to the input 
sealed terminal. The output pairs run directly from the output 
sealed test terminal to the splice in the cable vault. The remaining 
high-frequency wiring from rack to rack is shielded wire. 


CONCLUSION 


The carrier telephone terminals for the type ‘‘K”’ system which have 
been described are simpler, occupy less space and provide better trans- 
mission performance than multi-channel carrier terminals used pre- 
viously in the Bell System. As part of a general development of 
broad-band transmission systems, it is very desirable to employ equip- 
ment which can be used in common with several systems. The 12- 
channel bay, much of the carrier supply and all of the voice-frequency 
terminating equipment of this type ‘‘K”’ system terminal will be used 
to form corresponding parts of the terminals for the 12-channel open- 
wire system and the coaxial system, both of which are under develop- 
ment. This not only has simplified the development work, but also 
will result in greater mass production of these common parts and pro- 
vide desired uniformity of voice-frequency terminating levels and 
maintenance arrangements. 
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Crystal Channel Filters for the Cable Carrier System * { 
By C. E. LANE 


INCE the channel selecting filters used at the terminals of the 
twelve-channel cable carrier system are the principal filters in the 
system this paper is concerned primarily with these. Their importance 
is evident from the fact that they represent over one-third of the cost 
of the system terminals. 

Many new features appear in these channel filters. The most 
outstanding is the use as filter elements, along with inductance coils 
and condensers, of plates cut from crystalline quartz. It is for this 
reason they are called “crystal filters." In addition, however, the 
inductance coils, some of the condensers, and also the filter assemblies 
have in them new features. Only after a number of years of laboratory 
experimentation with filters using crystal elements, studying their 
advantages and limitations, was the cable carrier system planned to 
use such filters. 

There are twelve channel filters which transmit the lower side bands 
derived from the modulation of the speech signals with carrier fre- 
quencies spaced 4 kilocycles apart from 64 to 108 kilocycles. An 
insertion loss frequency characteristic which applies for each of the 
twelve filters is shown in Fig. 1. Regarding a 10 db loss increase as 
the cut-off as compared with transmission at 1000 cycles, the voice- 
frequency band for a single-carrier link, largely determined by the 
characteristics of the channel filters, extends from approximately 150 
to 3600 cycles. For five links the band extends from about 200 to 
3300 cycles. This is a 600 or 700 cycles wider frequency band than 
the present three-channel open-wire carrier system. The maximum 
delay distortion in the transmission band of each of the filters is about 
0.4 millisecond. As many as ten of these filters may appear in tandem 
in the longest talking circuits. The total delay distortion in such 
cases would then not exceed 4 milliseconds. This is not objectionable 
since the average listener can not observe the effect of delay distortion 
unless it exceeds about 10 milliseconds. A representative filter 
schematic is shown in Fig. 2. The condenser shown by the dotted 
line at the left is used only in the two lowest frequency filters to obtain 

* This is a companion paper to other papers covering different parts of the twelve- 


channel cable carrier system. 
t Presented at Winter Convention of A.I.E.E., New York, N. Y., Jan. 24-28, 1938. 


125 


q 
| 
3 
4 
3 
3 
SAR 
| 
; 
= 
| 
fogs 
| 


BELL SYSTEM TECHNICAL JOURNAL 


INSERTION LOSS IN DECIBELS 


-7 -6 5 =3 +! +2 +3 +4 +5 
FREQUENCY FROM CARRIER IN KILOCYCLES 


Fig. 1—When plotted in cycles removed from the carrier frequency, the insertion 
loss frequency characteristics of each of the twelve crystal channel filters are for all 
practical purposes identical. 


44 


INDUCTANCE MECHANICALLY ONE 
COIL [kK ELECTRICALLY TWO 


Fig. 2—The schematic circuits of each of the twelve filters are the same except 
for the addition of the condenser shown by the dotted lines which appears only in 
the two lowest frequency filters. 
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an impedance transformation internal to the filters and thereby 
permit the use of crystals of practical thicknesses for these filters. 
However, the equivalent circuit for each of the twelve filters is the 
same. In the system the filters work in parallel at one end and 
between terminating impedances of 600 ohms. The two condensers 
appearing in the series arms at the left end of the filter schematic are 
used in obtaining satisfactory operation of the filters in parallel and 
otherwise might be omitted provided the inductance at this end was 
made smaller at the same time. 

Figure 2 indicates the separate physical elements and the manner 
in which these are connected in the filters. In considering the per- 
formance of the filters the crystal elements are replaced by their 
equivalents, an inductance and capacitance in series, shunted by a 
second capacitance as shown in Fig. 3. Also, the condensers in 


Fig. 3—The schematic circuits of the filters are each equivalent to two lattice 
sections with a resistance pad between them, resistances at each end and at the 
paralleling end a coil and condenser which resonate at the mid-band frequency. 


shunt across the filter are shown inside the lattice combined with the 
direct capacitance of the crystals and the inductances are relocated 
in series in each lattice arm. In making this conversion, however, 
the effective resistance of the inductance coils are, for reasons which 
will appear later, shown remaining outside the lattice. Also the 
capacitances and the portion of the inductance which are used solely 
for purpose of paralleling are left outside the lattice. The basis for 
the conversion from Fig. 2 to Fig. 3 is shown in Fig. 4. 

Before considering further the filter as a whole, the nature of the 
crystal elements and the reason for using them will be considered. It 
is common knowledge to those familiar with the performance of 
electrical wave filters that the energy loss unavoidably associated 
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with inductances imposes limitations upon the filter characteristics 
obtainable. Capacitances may be designed so that the energy dis- 
sipation is small and negligible as compared to that in the inductances. 
With ideal reactance elements entirely free from dissipation, filters 
might be designed for any band width with as little loss in the band as 
wanted and at the same time frequencies might be rejected outside 
the band by any amount desired, no matter how near such frequencies 


Za Zc 


Za 
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Fig. 4—It does not alter the transmission properties of a network such as shown 
in Figure 4A to remove the impedances in shunt and outside the lattice and replace 
them by impedances of equal magnitude in shunt across each lattice arm nor by 
removing the impedances in series with the lattice and replacing them by series 
impedances inside the lattice of twice the magnitude of those removed. 


were to the edges of the transmitting band. Of course the sharper the 
filter cut-offs, other requirements being the same, the more complex 
the filter structure would be even neglecting dissipation. The greater 
the dissipation in the filter elements, the greater the loss in the trans- 
mitting range of the filters and the greater the number of cycles 
required for this loss to rise from the relatively low and uniform loss 
in the transmitting band to the high loss wanted outside the band. 
In the design of channel filters for carrier systems, the presence of 
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dissipation in the filter elements is costly in that the channels must be 
spaced farther apart than would otherwise be necessary, thereby 
wasting frequency space. At the same time the loss to transmitted 
frequencies must be made up for by amplification. The amount of 
dissipation in a reactance element is measured by the ratio of the 
effective resistance component of its impedance to the reactance com- 
ponent at any frequency. The reciprocal of this ratio is called the Q 
of the reactance and hence is a measure of efficiency or freedom from 
dissipation. In the design of inductances in the form of wire wound 
coils, it is generally not practical to obtain Q’s much in excess of 200 
or 300 at any frequency. The quartz crystal element used in the 
filters as previously stated is equivalent electrically to a two-terminal 
reactance consisting of an inductance and capacitance in series shunted 
by asecond capacitance. For the Q of the inductance in the equivalent 
circuit of the crystal element a value of 15,000 or more can readily be 
obtained. It is for the purpose of utilizing this high Q inductance and 
obtaining the benefits therefrom that crystal elements are used in 
these filters. 
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72 76 80 84 88 92 96 100 104 108 
FREQUENCY IN KILOCYCLES PER SECOND 


Fig. 5—The length of the crystal elements used in the different filters varies about 
inversely as the frequency of the filter band location. 


The filter schematic in Fig. 2 shows crystal elements in each filter 
section; the two in the lattice arms and the two in the series arms in 
each case are identical. Electrically there are four crystals in each 
section but for reasons of economy and for convenience in handling 
and adjusting the crystals those in corresponding arms are physically 
one. This is possible since the filter is a balanced structure and the 
two like crystals vibrate in unison. Figure 5 is a photograph which 
shows a representative double crystal element taken from each of the 
twelve filters. The four crystals in the lowest frequency filter range 
from 40.2 millimeters to 41.8 millimeters in length and those in the 
highest frequency filter from 23.8 to 24.3 millimeters. The thickness 
of the crystals in all four of the lowest frequency filters are 0.63 mi- 
limeters, in the next four filters 0.82 millimeters, and in the highest 
frequency filters 1.1 millimeters. Uniformity in thickness is main- 
tained as far as practicable since it contributes to economy in manu- 
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facture of the crystal. Within the range using the same crystal 
thickness the impedance and frequency differences, called for by the 
design of the different filters, can be provided by variations in width 
and length of the crystals. The ratio of width of the crystals to their 
length ranges from about 1/2 to 4/5. 

The major surfaces of the crystals are plated with a thin layer of 
aluminum deposited by an evaporation process. This plating is 
divided along the center line lengthwise of the crystals to form the two 
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ELECTRICAL MECHANICAL AXIS =Y 


OPTICAL AxXiIS=Z 


Fig. 6—The crystal elements are out with their major surfaces perpendicular to 
the electrical axis of the natural quartz, with their side surfaces making a small angle 
with the mechanical axis, and with their end surfaces making a small angle with the 
optical axis. 


electrically independent crystals. Since the crystals vibrate longi- 
tudinally with a node across the middle, they are clamped at this node 
in mounting. Figure 6 shows the orientation of the crystal plates 
with respect to the natural axes of the quartz from which they are cut. 
The plates are cut as accurately as is practicable to the dimensions 
computed making a small allowance in length and then the crystal is 
finally adjusted in an electric circuit by grinding the end of the crystal 
until the resonant frequency falls within five or ten cycles of that 
desired. 
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Considering again the filter schematic as a whole (Fig 3) and 
neglecting the dissipation in the crystals and condensers, the filter may 
be regarded as made of two lattice filter sections having ideal reactance 
elements, that is, elements free from dissipation. The location of the 
effective resistance of the coils outside the lattice, for purpose of per- 
formance analysis, shows how at the end of the filter these resistances 
may be regarded as part of the terminating impedance between which 
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_ Fig. 7—In a lattice filter section transmission occurs for frequencies where the 
impedances for the two arms of the lattice are of opposite sign and attenuation peaks 
of very high loss occur where the impedances cross. 


the filter works, and how between the filter sections the resistances 
may be combined with a shunt resistance to form a resistance pad 
which matches the image impedance of the two filter sections. The 
effect, then, of the coil resistances is primarily to provide a flat loss 
over the entire frequency range and does not affect appreciably the 
shape of the loss characteristic furnished by the reactance inside the 
lattice sections. 
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In considering the performance of lattice type filter sections, it is 
common practice to sketch together the frequency reactance curve of 
the two lattice arms Z, and Z,. This is done for one of the filter sec- 
tions and is shown in Fig. 7. In the frequency range where the two 
curves are of opposite sign the filter transmits, and where they are of 
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Fig. 8—The large reflection losses occurring within the transmission band of the 
filters and near the edges of this band has the effect of narrowing the width of the 


transmission band. 


the same sign there is attenuation. At the point where the two curves 
intersect there are attenuation peaks of very high loss. The reactance 
curves of Fig. 7 are for the filter section accountable for the pair of 
attenuation peaks shown in the filter characteristic which are the closer 
to the edges of the transmitted band. For the other section the cross- 
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over points of the two reactance curves are farther away from the band, 
since this section is responsible for the outer pair of attenuation peaks. 
The design of the filters consisted in determining values for the in- 
ductance coils, condensers, and crystals, such that the reactance 
curves of the lattice arms of the filter passed through infinity and 
intersected with each other at the desired frequencies and, at the same 
time, in determining the impedance level for all of the elements such 
that the filters would have the right image impedances. 

The curves of Fig. 7 would seem to indicate a somewhat greater band 
width for these filters than shown by the insertion loss characteristic 
of Fig. 1. The reason for this can best be explained by referring to 
the image impedance of one of the filter sections as shown in Fig. 8. 
Within the band the image impedance is, of course, a pure resistance 
which varies with frequency. It is about 800 ohms at mid-band 
frequency and falls rapidly to zero near the edges of the band. Assum- 
ing the effective resistance of the coils, which is about 100 ohms, as 
belonging to the terminating impedances, the filter sections actually 
work between impedances of about 700 ohms. This means that large 
reflection losses occur at each end of each filter section near the edges 
of the transmission band where the image impedance of the filter is 
very small. It is these reflection losses that are responsible for the 
actual transmission band being much narrower than it would be with 
the filter sections terminated in their actual image impedances. The 
filter sections are designed with 800 ohms image impedance at mid- 
band frequency instead of 700 ohms to make the band flatter and 
somewhat wider than it would be otherwise. 

When a number of band filters are operated in parallel it is generally 
necessary to connect across the paralleled end a two-terminal network 
to correct for the distortion that would otherwise be present in the 
highest- and lowest-frequency filters in the group. A circuit of the 
network used for this purpose with the channel filters is shown in Fig. 9. 

The filters employ crystal elements in order to obtain abrupt dis- 
crimination between wanted and unwanted frequencies and at the 
same time to secure low and uniform loss in their transmitting bands. 
This characteristic must not only be obtained at the time the filters 
are assembled and adjusted but must be maintained throughout the 
service life of the filters and not appreciably affected by temperature 
variations. This imposes severe stability requirements upon the 
elements used in the filters. The crystal elements themselves are very 
stable when properly designed and once adjusted will retain at a 
given temperature their frequencies of resonance within one or two 
cycles seemingly indefinitely. Their temperature coefficient is only 
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about twenty-five parts per million per degree centigrade, which is not 
objectionable. 

The obtaining of inductance coils and condensers that were adequate 
in stability for use in conjunction with the crystals required consider- 
able development effort. The inductance coils were required to have 
not only a high degree of stability with respect to temperature and 
time but also a high ratio of reactance to effective resistance, low modu- 
lation, and at the same time be small in size. Air core coils might have 
been designed for the purpose but they would have been quite large. 
The coils used are of the toroidal type wound on about one and three- 
fourths inch rings of molybdenum-permalloy. To reduce eddy current 
losses the cores are made of very fine powder and then annealed to 
reduce hysteresis losses. The particles are mixed with insulating 


Fig. 9—A two-terminal reactance network is connected in shunt across the filters 


at their paralleling end to improve the characteristic of the highest and lowest fre- 
quency filters. 


material and formed into rings by extremely high pressure. The 
inductance of the coils has a temperature coefficient of less than 40 
parts per million per degree centigrade. The cores of the coils for the 
higher-frequency filters are wound with finely stranded wire to help 
secure good Q's (about 225). Because of the high impedance of the 
coils called for by the filter design, care is taken to make the capacitance 
between the windings and the core and between the windings and the 
case as low as practicable and also to make stable all such small 
capacitances as must be present. 

The two extra condensers used at one end of each filter for paralleling 
purposes are of a high grade mica type. The other condensers are all 
quite special. The fixed ones, ranging in magnitude from about 7 
mmf to 100 mmf, are made by plating short lengths of high grade glass 
tubing inside and outside with silver. Because of the intimate associ- 
ation of electrodes with the surfaces of the tubes and the low expansion 
coefficient of the glass used, a condenser is obtained that has a tem- 
perature coefficient comparable with that of the coils and crystals. 
No aging effect has been observed. It will be noticed that four small 
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adjustable air condensers appear in each filter section. These are 
used to secure precise initial adjustment of the filter capacitances. 
To protect the filter elements against moisture, the filters are 
hermetically sealed in a container made from a rectangular section of 
seamless brass tubing with closely fitting plates soldered in each end. 
One end plate carries four metal-glass seal terminals and a nozzle 
through which dry air is blown after the filter is assembled. The 
other end plate is provided with a small hole for the escape of the 
drying air. After the drying operation the hole in the nozzle and the 
hole in the opposite end of the filter are closed by soldering. The 
elements that make up the filter are assembled on a chassis which is 
completely wired and then slid into the container in assembly. Figure 
10 is a photograph showing this chassis and the arrangement of the 


Fig. 10—The filter parts are assembled and wired on a chassis which is slid as a unit 
inside the filter container. 


elements. The elements are located in such a way as to use very short 
wiring connections which reduce the magnitude of any stray admit- 
tances. The wired filter chassis is carefully adjusted by setting the 
values of the air condenser such that for each filter section the reson- 
ance frequencies looking into each end of each section occur where 
they theoretically should. This compensates for the effect of small 
capacitances between the filter parts. In the design of the filter parts 
care is taken to use no material which absorbs moisture readily since 
such moisture would later be released and raise the relative humidity 
of the air inside the filter. 

If a potential much in excess of about twenty volts is applied across 
crystal elements at frequencies near resonance, the crystals will break 
from the mechanical strain of their vibration. The maximum safe 
voltage across the channel filters at the resonant frequencies of the 
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crystals is considerably greater, however, since at resonance the full 
voltage does not appear across the crystals. In normal use the 
voltages across the filters will be very much less than twenty volts. 

Other filters forming part of the terminal apparatus are the group 
modulator and group demodulator low-pass filters, the channel and 
group carrier supply filters, and the pilot supply filters. The group 
modulator and demodulator filters are of the low-pass type employing 
only coils and condensers as elements. The group carrier supply 
filter is the same in schematic and mechanical design as the crystal 
channel filters described. The pilot supply filters and the channel 
carrier supply filters are equivalent in schematic to one section of the 
channel filters; but of course they are only about half the size and are 
hermetically sealed in the same manner. 
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Crosstalk and Noise Features of Cable Carrier Telephone 
System * 


By M. A. WEAVER, R. S. TUCKER and P. S. DARNELL 


ROSSTALK and noise are important factors in cable carrier 

transmission as outlined in the paper “A Carrier Telephone 
System for Toll Cables” by Messrs. C. W. Green and E. I. Green. 
Crosstalk and noise limit the number of carrier channels which can be 
utilized in any one cable, not only by limiting the number of channels 
which can be placed on a single pair, but by limiting the number of 
pairs which can be used. Noise also controls the transmission loss 
which can be permitted between repeaters. Without the crosstalk 
and noise reduction measures described in this paper, the number of 
carrier channels per cable would be so few and the spacing between re- 
peaters so short, that the type K carrier system would be impracticable. 


CROSSTALK 


To utilize existing toll cables in the Bell System for frequencies up 
to 60 kilycycles required the solution of many new crosstalk problems 
because: (1) Crosstalk increases rapidly with the frequency, (2) Non- 
loaded carrier pairs due to their high speed of propagation are especially 
suitable for very long distances and hence the crosstalk requirements 
per unit length are relatively severe, (3) The large gains of the carrier 
repeaters amplify certain crosstalk currents much more than in the 
case of voice frequency circuits. 

Two general effects need to be considered: intelligible crosstalk must 
be prevented; and, a large number of circuits crosstalking into a par- 
ticular circuit must not contribute an undue amount of noise. The 
second effect is called babble, since it consists of a multiplicity of un- 
related voice sounds which, in the aggregate, are unintelligible. 

An important feature is the use of different cables for opposite direc- 
tions of transmission. This makes the major crosstalk problem the 
reduction of crosstalk between pairs in the same cable used for trans- 
mission in the same direction. The crosstalk currents due to trans- 
mission at one end of a disturbing circuit through the distributed 
couplings with a disturbed circuit tend to arrive at the distant end at 
the same time since the currents via any of the couplings travel sub- 


* Presented at Winter Convention of A. I. E. E., Jan. 24-28, 1938. 
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stantially the same distance. This makes it possible to greatly reduce 
the total effect of these distributed couplings by the use of small ad- 
justable mutual inductance coils connected between pairs at one point 
in each repeater section. 

If nothing more were done, there would still be objectionable cross- 
talk since currents from the outputs of carrier repeaters could crosstalk 
into voice frequency circuits and these circuits could then again cross- 
talk into other carrier frequency circuits at points near their repeater 
inputs. This effect is minimized by transposing the carrier pairs from 
one cable to the other at carrier repeater points. 

At common voice frequency and carrier frequency repeater points 
there would be an unsatisfactory crosstalk path from a carrier repeater 
output into all the wires not used for carrier frequencies and from them 
through coupling between office wiring into similar wires in the other 
cable and finally into carrier repeater inputs in the second cable. This 
crosstalk is minimized by the use of carrier frequency suppression coils 
in the voice frequency circuits. These coils also serve the purpose of 
preventing carrier frequency noise originating in voice frequency cir- 
cuits from being transmitted into the cables and inducing noise at 
points near carrier repeater inputs. 


Near-End Crosstalk 


Near-end crosstalk is the result of coupling between circuits trans- 
mitting in opposite directions, while far-end crosstalk is the result of 
coupling between circuits transmitting in the same direction. Near- 
end crosstalk coupling between different carrier circuits of the same 
frequency must be kept very small, particularly near a repeater point, 
since crosstalk from the output of a repeater into an opposite directional 
pair near the input of its repeater will be greatly amplified by this 
repeater. 

Crosstalk between carrier circuits within the offices is kept low by 
careful shielding, segregation, suppression of spurious paths through 
battery supply, common grounding arrangements, etc. 

Since the type K system operates on a “four-wire” basis, different 
electrical paths are used for opposite directions of transmission. 
Satisfactory near-end coupling in the outside plant is obtained, there- 
fore, by placing east bound pairs in one cable and west bound pairs in 
another. When two cables have relatively heavy sheaths as in the 
larger Bell System cables, their coupling is sufficiently small even with 
the two cables in close proximity. 
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Interaction Crosstalk 

The crosstalk currents from a carrier repeater output into voice 
frequency circuits in the same cable must be limited, since they cross- 
talk again into carrier circuits near repeater inputs and, consequently, 
are amplified by the high gain repeaters. Intermediate circuits most 
responsible for crosstalk of this type are made up of combinations of 
pairs and phantoms and the sheath, i.e., longitudinal paths. 

One case of crosstalk of this kind would occur if the same cable were 
used for carrier pairs transmitting in the same direction on both sides of 
a repeater. This is prevented by transposing carrier pairs from one 
cable to the other at each repeater point, as shown on Fig. 1. 

A second interaction crosstalk problem is encountered at the com- 
mon voice and carrier repeater points and involves coupling between 
cables as well as in the same cable. Here the coupling path is from 
carrier repeater outputs to intermediate circuits in the same outside 
cable, back into the common office over these intermediate circuits and 
then via office coupling to intermediate circuits in a second outside 
cable and from there to carrier repeater inputs connected to pairs in 
the second cable. Referring to Fig. 1, a set of noise (and crosstalk) 
suppression coils is encountered in this path. The high longitudinal 
circuit impedance of these coils minimizes this interaction crosstalk. 


Far-End Crosstalk 


Far-end crosstalk currents are subjected to line attenuation and 
amplification similarly to the main transmission currents, and do not 
have extra amplification as in the case of near-end crosstalk. Further- 
more, far-end crosstalk currents due to couplings at different points 
along the line tend to arrive at the distant end of the disturbed circuit 
at the same time. Hence a considerable portion of the far-end cross- 
talk over the type K frequency range, which occurs between circuits 
transmitting in the same direction in the same cable, can be neutralized 
by introducing compensating unbalances at only a comparatively few 
points, such as one per repeater section. The far-end crosstalk reduc- 
tion problem is greatly simplified because phantom circuits are not 
used for carrier operation. 

Theoretically, for the same precision of match between the im- 
pedances in the two directions at the balancing point, the crosstalk re- 
duction would be about the same whether the balancing is done at an 
intermediate point or at either end of a repeater section. Balancing 
will be done at repeater inputs rather than at an intermediate point, 
such as the middle, because it is practicable to obtain repeater im- 


ald 
4 
3 
3 
| 
a 
4 


CROSSTALK AND NOISE FEATURES 141 


pedances matching the average line impedance sufficiently well so that 
the effectiveness of balancing is reduced only slightly. 


Nature of Far-End Crosstalk Coupling 


The coupling between two cable pairs in a short length may be 
represented by a mutual admittance and a mutual impedance. The 
former is due almost entirely to capacitance unbalance, which varies 
but little with frequency, so that its effect could be practically balanced 
out by means of a simple condenser. The latter, however, involves a 
complex mutual inductance of the form M, + jM», because of the 
proximity effect of the wires of a pair and of other cable conductors.' 
As shown on Fig. 2, both components vary considerably with fre- 
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Fig. 2—Mutual inductance between cable pairs in terms of value 
for M, at 10 kilocycles. 


quency; M, on the average decreasing as the frequency increases while 
M; in the general case is of negative sign and reaches a maximum value 
at 56 kilocycles. 
Type of Balancing 

To obtain maximum reduction in crosstalk it would be necessary to 
use a condenser for balancing the mutual admittance and an inductance 
coil for balancing the mutual impedance or to use some equivalent 
complex network. Experimental balancing in a particular cable using 
the coil-condenser method reduced the mean crosstalk over the type K 


1“ Cable Crosstalk—Effect of Non-Uniform Current Distribution in the Wires,” 
R. N. Hunter and R. P. Booth, Bell System Technical Journal, April 1935. 
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range about 20 db, which is close to the maximum reduction possible 
with a universal type of balancing unit. The reduction is limited by 
the fact that two pairs having identical crosstalk couplings in each of 
two short lengths at different points in the cable will not produce two 
identical elements of crosstalk current at a circuit terminal because: 
(1) Cable circuits are not perfectly smooth. Reflections, as at junc- 
tions of reel lengths or at terminals, alter the two crosstalk currents 
differently, (2) The propagation constants of each circuit vary slightly 
from reel to reel in a random fashion and therefore the two crosstalk 
currents are of slightly different phase and magnitude, (3) In any short 
length the disturbing circuit produces crosstalk currents in inter- 
mediate circuits, which are propagated along these circuits and cross- 
talk again into the disturbed circuit at various points, producing an 
additional crosstalk current at the circuit terminal. At any frequency, 
this interaction crosstalk current has a random phase and magnitude 
relation to the crosstalk current for the short length considered by 
itself, and depends also upon the position in a repeater section of the 
short length. 

A 20 db crosstalk reduction is not required, considering the number 
of K systems anticipated in any one cable. Studies were made, there- 
fore, to determine whether satisfactory results could be obtained with 
a less expensive type of balancing, as outlined below. 

The effects of frequency and circuit impedance on crosstalk coupling 
are as follows: (1) Crosstalk in a short length due to capacitance and 
to inductance coupling increases about directly as the frequency in- 
creases for circuits whose impedance is independent of frequency. 
(2) Crosstalk due to capacitance coupling varies directly as the im- 
pedance of the circuits while that due to inductance coupling varies 
inversely as the impedance. Changing the impedance from about 800 
ohms for loaded voice circuits to about 135 ohms for non-loaded carrier 
circuits and changing the frequency from about 4 kc. to 60 ke. increases 
the crosstalk due to capacitance coupling by a factor of about 2.5 and 
that due to inductance coupling by a factor of about 90. 

Capacitive coupling in existing cables was reduced by design to as 
great a degree as practicable, particularly for the most closely asso- 
ciated circuits, because it is of most importance in the loaded voice fre- 
quency case. These same design measures also reduce inductive 
coupling but not to the same extent. Capacitive coupling decreases 
rapidly with separation due to the shielding effect of copper in inter- 
vening circuits while inductive coupling is not much affected by inter- 
vening copper wires. To minimize magnetic coupling it is necessary 
to use different lengths of twist for the pairs. Existing cables have 
relatively few lengths of pair twists. 
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As the net result, capacitance coupling is no longer all important, 
inductance coupling at 60 kc. actually predominating by a factor of 
about 3 to 1 in existing cables. Capacitance balancing should, there- 
fore, be less effective than balancing designed to reduce the inductance 
coupling. Tests have shown that capacitance balancing alone gives a 
crosstalk reduction of about 11 db while inductance balancing alone 
gives a reduction of about 16 db. Since the latter reduction is suffi- 
cient, except possibly for small cables or special cases, the type K 
balancing has been designed on this basis. Far-end crosstalk currents 
due to the two kinds of coupling have phase relations not differing from 
zero or 180 degrees by more than about 15 to 40 degrees, depending on 
whether the upper or lower type K frequencies are considered. There 
is, therefore, a tendency for either type of balancing unit to annul both 
kinds of coupling. 

To obtain as much as 16 db reduction it is necessary that the fre- 
quency characteristic of the balancing coil simulate that of the cable 
(Figure 2). This was found practicable, as discussed later, by shunting 
the primary (or secondary) of the coil by a properly designed impedance. 


Size of Balancing Coil 

To meet the crosstalk réquirement it is necessary to balance each 
carrier pair against every other carrier pair. If 50 carrier pairs were 
used, there would be 49 balancing coils connected to each pair for 
balancing to all the other pairs, a total of 1225 coils. For convenience, 
adjustable coils having the same mutual inductance range and the 
same self-inductance are used. Hence, the insertion loss per coil, 
resulting from the self-inductance and resistance of the coils, must be 
kept small. In addition, the self-inductance of the coil presents a 
problem from the impedance standpoint. To keep the impedance at 
any point in the balancing panel as nearly like the average cable im- 
pedance as practicable, the self-inductance of a series of coils must be 
neutralized by capacitances shunted at suitable intervals. It is very 
desirable, therefore, to use coils whose self and mutual inductances are 
no larger than actually essential. Consequently, an attempt has been 
made to keep the maximum crosstalk before balancing low. 

Due to special measures, described below, it appeared that the 
maximum inductance unbalance per repeater section could be kept be- 
low about 1.3 to 1.5 microhenries, with the possible exception of side- 
to-side unbalances, and trial balancing coils were designed accordingly. 


Crosstalk Reduction Before Balancing 


Changes in the original splicing are made at approximately 6000-foot 
intervals, i.e., at points where voice frequency loading coils must be 
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removed from the carrier pairs. In most existing voice frequency toll 
cables the 19-gauge quads were spliced as three groups, one a two-wire 
circuit group, one an east bound four-wire circuit group and the third a 
west bound four-wire circuit group. Ordinarily, the carrier pairs will 
be selected from the four-wire groups because these groups are usually 
larger than the two-wire group and since the quads within a group are 
spliced at random there is less chance of a large value of coupling be- 
tween pairs of different quads, i.e., two pairs are less apt to be recur- 
rently in a relation of high coupling. The carrier pairs are divided 
equally between the two four-wire groups, in order that the least number 
of four-wire voice circuits will be lost. 

In cables with large four-wire groups it is satisfactory to maintain 
the grouping arrangement on the pairs converted to carrier. In such 
cables, however, one four-wire group is in the center or core of the 
cable and the other group in the outer periphery. In order that all 
circuits will have about the same velocity and attenuation and be sub- 
jected to about the same temperature conditions for both transmission 
and crosstalk reasons, one (four-wire) carrier group in these cables 
will be spliced to the other (four-wire) carrier group and vice versa at 
the 6000-foot intervals. 

In cables with relatively small four-wire groups, there is more chance 
of two pairs being recurrently in a relation of high coupling. To re- 
duce this chance, a special splicing arrangement has been devised for 
use at the 6000-foot intervals. With existing splicing the maximum 
coupling in cables with small groups is about 2.5 times that for cables 
with large groups. This ratio is appreciably reduced by the special 
splicing, likewise reducing the maximum mutual inductance that must 
be supplied by the balancing unit. 

The foregoing was with particular reference to crosstalk between 
pairs in different quads. Crosstalk between pairs in the same quad 
(side-to-side crosstalk) is an additional problem. A quad consists of 
two twisted pairs of wires which are twisted together to permit the use 
of voice frequency phantom circuits. Since the two sides of a quad 
are so closely associated, side-to-side crosstalk is generally much greater 
that than between pairs of different quads. The electrical size of the 
balancing unit, therefore, is determined by the side-to-side crosstalk, 
which is reduced by “ poling.” 

To apply poling, the quads are carried through as quads for an entire 
carrier repeater section. From measurements of side-to-side crosstalk 
in phase and magnitude, quads in one half repeater section are chosen 
and spliced to quads in the other half in such manner as to partially 
neutralize the side-to-side crosstalk. In effect, quads in one half-sec- 
tion serve as balancing units for the other half. 
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In most existing toll cables the side-to-side capacitance coupling was 
reduced when the cables were installed, by means of test-splicing within 
the 6000-foot sections. Obviously, for poling to be effective it is 
necessary to operate mainly on the inductance component. The poling 
measurements, therefore, are made at about 1 kc. where an approximate 
measure of the inductance component can be obtained directly since 
the capacitance and inductance components of the crosstalk are at an 
angle of almost 90° at this frequency. Figure 3 shows the crosstalk 
results obtained by means of 1-kc. poling on 14 repeater sections. It 
has been shown that this 9 db reduction is within 2 to 3 db of the 
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Fig. 3—R.MS. side-to-side far-end crosstalk per repeater section from measurements 
on 14 repeater sections. 


maximum reduction possible with much more complicated poling 
involving measurement and consideration of both components at 
carrier frequencies. 

After side-to-side poling, coil balancing cannot be expected to give 
as much as 16 db reduction in crosstalk. This is unimportant, how- 
ever, as long as the required reduction can be obtained more economic- 
ally by the combined methods rather than by balancing alone. 


Crosstalk Balancing Coil 


Since the voltage which causes the crosstalk current in the disturbed 
circuit may be in either a clockwise or counter-clockwise direction, the 
balancing device, for flexibility reasons, should be capable of establish- 
ing voltages in either direction. A balancing coil was developed, 
therefore, which in operation may be likened to that of two separate 
transformers with simultaneously movable cores. The primary wind- 
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ings are in series, as are the secondary windings, and are connected as 
shown in Fig. 4, for example. The relative direction of each secon- 
dary winding is the same, whereas the relative directions of the primary 
windings are reversed. With the cores in mid-position, the voltages 
induced in the two secondaries are equal in magnitude but opposite in 
phase, and the net induced voltage in the disturbed circuit is zero. 
As the cores are moved toward the left the respective components of 
the voltage induced in circuit 3-7—8-4 increase in a counter-clockwise 
direction and decrease in a clockwise direction, the net result being a 
voltage in a counter-clockwise direction. Such a setting of the balanc- 
I 
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Fig. 4—Schematic of a simple balancing coil designed to produce a complex mutual 
impedance. 


ing coil would be used to counteract a clockwise crosstalk voltage, the 
amount of departure of the cores from mid-position being dependent 
on the magnitude of the crosstalk voltage being counteracted. Move- 
ment of the cores toward the right produces the opposite effect 

This device, disregarding any proximity effects therein and the 
effects of the shunt, acts to set up a net voltage e which is in phase 
quadrature with the disturbing current J. Hence, 


e = — juml, (1) 


in which m is the net mutual inductance of the device. To obtain the 
required mutual impedance characteristic, the primary (or secondary) 
windings of the coil are shunted by an inductive resistance. Let the 
effective self-inductance and resistance of the line windings (primaries) 
be denoted by L and R, respectively, and the current through these 
windings by J,. Let the effective self-inductance and resistance of the 
shunt be denoted by L, and R,, respectively. At balance, that is, 
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when no crosstalk current flows in 3-7-8-4 due to J (the disturbing 


current), the current J, is 


| + + + L,) 
(R+ RB)? + w(L + L,)? 


_; — RL,) 
+ 
[a — (3) 


I (2) 


where a and b are, respectively, the coefficients of the real and imaginary 
parts of the expression. Hence, witha shunted coil the voltage induced 
in the disturbed circuit is: 


e = — jwml, = — jw(ma — jmb)I. (4) 


The mutual impedance, Z,,, equals jw(ma — jmb), or the effective 
mutual inductance M of the balancing coil may be written 


M = M.+jM,, (5) 


wherein M, = ma and M, = — mb. Assuming R, L, L, and R, to be 
constant with respect to frequency of current and position of the cores, 
it is seen from (2) and (5) that for any core setting, 1, and M, are 
functions of frequency only and their ratio at a given frequency is 
theoretically constant throughout the operating range. 

To keep inductance L constant irrespective of the mutual inductance 
settings, the length of the coil windings, the length of the magnetic 
cores and their spacing with respect to the winding spacing are so 
related that the change in inductance of one primary (or secondary) 
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Fig. 5—Schematic of winding arrangement of trial balancing coil. 


winding caused by motion of its associated core is equal and opposite 
to the change caused by the movement of the core associated with the 
other primary (or secondary) winding. To keep R low over the type K 
frequency range, cores of finely powdered molybdenum permalloy 
pressed into a cylindrical form are used. 
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Because of other requirements which a balancing coil must satisfy, 
the winding arrangement actually employed is shown in Fig. 5. The 
simple device of Fig. 4 is not balanced from the standpoint of longi- 
tudinal crosstalk for any coil setting except that of zero mutual induc- 


Fig. 6—Trial balancing coil construction. Container is 414’ in length and 134” in 
diameter. 


tance. The Fig. 5 arrangement is such that theoretically there is no 
magnetic coupling between the two circuits for longitudinal currents in 
either one, regardless of the coil setting. Unless the capacitance be- 
tween primary and secondary windings can be kept very small, the 
resultant admittance unbalance produces crosstalk which is not com- 


| 
q 
| 
| 
wl 
. 
| 
| 
4 
i 
4 
“i 
4 
+ 
| 4 
& 


CROSSTALK AND NOISE FEATURES 149 


pletely balanced out when the coil is adjusted. The turns of conductor 
in the Fig. 5 coil are so located that this side-to-side capacitance un- 
balance is less than 5 micro-microfarads. The capacitances between 
wires of either the primary or secondary winding do not affect the 
unbalance but contribute a part of the capacitance loading which 
compensates for the line inductance of the coils. 

In the actual balancing coil, shown in Fig. 6, the windings are located 
in channels cut in a fibre tube which is secured toa head carrying the 
winding terminals and a bushing through which passes the threaded 
brass rod supporting the two cores. Below the head are small spool 


Fig. 7—Arrangement of inner winding of trial balancing coil. 


forms on which the shunts are wound. Insulating material such as 
bakelite is used to obtain proper spacing of the two cores. 

The rather unusual manner in which the turns are applied is illus- 
trated in Fig. 7, which is a closeup view of the two wires forming the 
inner winding. These two wires alternately cross over each other, 
progressing along the axis in opposite directions of rotation. The 
outer winding is similarly applied. This type of winding eliminates 
all splices within the coil, removing hazards incident to interior splices. 

The complete coil assembly is enclosed by an aluminum container 
which serves the dual purpose of a shield and a convenient means of 
holding the coil for mounting purposes as this container fits snugly into 
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an%aluminum cup riveted to the assembly panel. The windings are 
dried and impregnated and the space between the coil assembly and 
container is filled with insulating compound. 

The mutual inductance of a typical coil varies as shown in Fig. 8 
as the cores are moved. The range, with the shunts disconnected, is 
approximately + 1.6 to — 1.6 microhenries, which is covered in about 
16 turns of the screw (a total core travel of 0.5 inch). With the shunts 
connected, the effective mutual inductance at a given setting becomes 
less as the frequency rises, the two components, M/, and M,, varying 
with frequency as shown in Fig. 9. To determine the proper values of 
L, and R, for the shunt, allowance must be made for the complex 
mutual inductance inherent in the coil due to proximity effect within 
the windings. 
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Fig. 8—Mutual inductance of trial balancing coil. 


The series inductance of the balancing coil without shunts varies as 
shown in Fig. 10. As the cores are moved, the inductances of windings 
1-A-—B-2 and 5—C—D-6 (Fig. 5) behave as shown by their respective 
curves, one increasing as the other decreases. The sum of these two 
curves is shown by the dotted line, and the measured value of 1—5-6—2 
is shown by the solid line. It is seen that the overall self-inductance 
of 1-5-6-2 is constant to within + 0.1 microhenry. The difference 
between the curves (about 0.1 microhenry) is caused by the slight 
mutual inductance existing between winding 1--A—B-—2 and 5—C-D-6, 
which is negative owing to reversed winding direction in this side of 
the balancing coil. The measured inductance around 3—7—8-4 would 
slightly exceed that obtained by adding the inductances of the two 
sections owing to positive mutual inductance between the two ends. 
These end effects could be reduced by greater separation of the two 
sets of windings, but this refinement is not necessary. 
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Fig. 9—Variation of Mg and M, components of trial balancing coil with frequency. 
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When the shunts are connected, the inductance around 1—5—6-2 is 
lowered slightly, and the effective resistance is increased. To simplify 
the capacitance loading and in order not to introduce more resistance in 
one cable pair than another, the balancing coil assembly is so arranged 
that shunted and non-shunted windings are alternately introduced 
into a pair. 
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Fig. 10—Series inductance of non-shunted trial balancing coil. 


Balancing Panels 


In assembling the balancing coils on panels, the same number of 
coils should be traversed on each of two pairs before reaching the coil 
that balances these two pairs, in order that the phase shift up to this 
balancing coil on one pair will be essentially the same as that on the 
other pair. If these phase shifts differed materially, the coil setting 
for minimum crosstalk when one pair is the disturbing circuit might be 
quite different from the best setting when the other pair is the dis- 
turbing circuit. To obtain this equality objective a “criss-cross” ar- 
rangement, as shown schematically on Fig. 11, was devised, whereby 
the number of coils on one pair up to a particular balancing coil never 
differs by more than one from the number of coils on the other pair up 
to this same balancing coil. 
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For economic reasons it is undesirable to install a complete panel 
for the ultimate number of pairs, possibly 100 in some cases, but rather 
to install sections conforming more closely to the circuit growth. 
The placing at different times and properly connecting of sections ob- 
tained from the 100-pair criss-cross panel and at the same time main- 
taining service on operating circuits appeared rather formidable. This 
problem was solved by the use of two types of criss-cross panels; an 


19-20 18-20 16-18 _14-I6 12-14 10-12 8-10 6-8 4-6 2-4 1-2 


1-2 1-3 3-5 5-7 7-9 9-11 13-15 5-17 1749 
BALANCING POSITION FOR PAIR COMBINATION INDICATED 


Fig. 11—Schematic of criss-cross wiring for 20-pair balancing panel, designed to 
maintain phase equality of coils. 


intra-group panel for balancing within one group of carrier pairs and an 
inter-group panel for balancing pairs in one group against pairs in a 
second group of equal size. In the present design, an intra-group 
panel takes care of 20 pairs (190 combinations) and an inter-group panel 
of the 400 combinations between two 20-pair groups. To maintain 
phase equality through a number of panels, it is necessary to install 
them following a definite pattern. Figure 12 shows a suitable pattern 
for the 15 panels required for 100 pairs. 
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In the criss-cross scheme (Fig. 11) the side-to-side combinations, 


which are those marked 1/2, 3/4, 5/6, etc., appear twice, i.e., along the 


left and right edges of the panel. Advantage of this is taken by instal- 
ling balancing coils at both locations. This is done because one side- 
to-side coil of about 1.3 microhenries may not be large enough in all 
cases in spite of the fact that the mean side-to-side crosstalk has been 
reduced 9 db by poling. 
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Fig. 12—Allocation of balancing panels designed to maintain phase equalization 


of coils at all stages. Panels with suitable cross-connections between them are in- 
stalled in following order. 


For first group—lInstall 1 
Add second group—Add 2, and 1 against 2 


Add third group—Add 3, 1 against 3, and 2 against 3 
Etc. 


Balancing Procedure 


As stated above, the far-end crosstalk in a repeater section can not 
be balanced out completely over the frequency range with a single bal- 
ancing unit. To determine the balanceable as distinct from the non- 
balanceable crosstalk, involves crosstalk measurements in phase and 
magnitude at a number of frequencies, using each pair of a two-pair 
combination as a disturbing circuit in turn. The balanceable crosstalk 
may then be separated from the non-balanceable crosstalk by computa- 
tion. Balancing by this method would be impracticable because of the 
time required. Asa practical scheme, it has been shown that balancing 
at a frequency of about 40 kc. will produce satisfactory results over the 
type K range even though part of the non-balanceable crosstalk may 
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be neutralized at this frequency. This is theoretically undesirable 
since the crosstalk reduction at other frequencies is impaired. 

To prevent undue interference into operating carrier circuits when 
balancing, a frequency falling between the transmitted bands must be 
used. For this reason, the balancing coils are adjusted at a test 
frequency of 39.85 kc. and a measurement to check the suitability of 
the adjustment is made at 28.15 kc. Figure 13 shows the crosstalk 
vs. frequency before and after coil balancing by this method on three 
repeater sections. 


Additional Crosstalk Remedial Measures 


Although poling as well as balancing is done to reduce side-to-side 
crosstalk, this crosstalk is still considerably greater than the pair-to- 
pair crosstalk. For this reason, side-to-side crosstalk is diluted among 


-65 
BEFORE POLING 
a OR BALANCING 
-70 
U 
a 

Z -75 
= o” 

ut AFTER POLING 
~ -80 > 
a AND BALANCING 
-85 
A 
-90 
fe) 

-95 


° 5 ite) ‘5 20 25 30 35 40 45 50 55 60 65 
FREQUENCY IN KILOCYCLES PER SECOND 


Fig. 13—R.M.S. far-end crosstalk per repeater section from measurements on 3 
repeater sections 


the pair-to-pair combinations by a system of quad-splitting at repeater 
points. 

The crosstalk after balancing (Fig. 13) is considerably higher at the 
upper end of the frequency band than at the lower end. Consequently, 
if circuits were set up to use the same channel throughout, the crosstalk 
in the upper-frequency channels would be materially greater than that 
in the lower-frequency channels. In order that all circuits may be 
equally satisfactory from the crosstalk standpoint, a system of special 
channel assignments in successive intervals, say 500 to 1000 miles, can 
be used. This will tend to equalize both the crosstalk and the noise 
on all circuits, thus permitting a somewhat cheaper design then if 
each channel had to meet the crosstalk and noise limits by itself. 
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NOISE 
Besides babble, many other sources of noise need to be considered in 
cable carrier design. Figure 14, which shows the approximate mag- 


nitude of several of these if no means are taken to suppress them, 
indicates the noise at the end of a single 17-mile repeater section when 


50 

45 

40 

35 
30 


w 


NOISE IN DECIBELS ABOVE REFERENCE NOISE 
N 


oe 


Bom 
AM 
-10 
fe) 5 10 (5 20 25 30 35 40 45 50 55 60 


FREQUENCY IN KILOCYCLES PER SECOND 


Fig. 14—Noise, prior to suppression measures, per repeater section at output of 
repeater whose gain equals line loss. 


A—Noise from thermal agitation. 

B—Thermal agitation plus tube noise. 

C—Noise from voice frequency telephone repeater office. 

D—Noise from telephone and telegraph repeater office. 

E—Noise from heavy static on open-wire tap close to carrier repeater input. 


amplified by a repeater whose gain equals the hot-weather line loss. 
Curve A shows the unavoidable lower limit of noise, that produced 
by thermal agitation of the electrons in the cable conductors and the 
repeater.?, This amounts to about 2 X 10-" watts per telephone 

* J. B. Johnson, Phys. Rev., 32, 97 (1928); H. Nyquist, Phys. Rev., 32, 110 (1928). 
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channel per repeater section, at the repeater input. If there were 
no other noise sources, the repeater section length would necessarily 
be limited by this effect. Curve B shows the sum of thermal noise 
and noise due to the vacuum tubes in the repeaters, which is little 
in excess of thermal noise alone. The other three curves show 
noises of considerably higher magnitude which require suppression in 
order to arrive at an economical carrier system. Curve E shows the 
order of magnitude of noise on carrier circuits due to connecting open- 
wire pairs directly to non-carrier pairs in the outside cable near the 
carrier repeater input. The source of the noise is heavy atmospheric 
static of a magnitude experienced several times during the summer. 


ow 
Og 
Zu 
wie Bo 
o> 
A — 
< 
-10 
ont 


° 5 10 iS 20 25 30 35 40 45 50 55 60 
FREQUENCY IN KILOCYCLES PER SECOND 


Fig. 15—Noise, subsequent to suppression measures, per repeater section at 
output of repeater whose gain equals line loss. 
A to E—Same sources as in Fig. 14. 
F—Noise from heavy static induced directly into outside cable. 


The other curves show typical magnitudes of noise originating in the 
existing telegraph and voice frequency telephone plant; this is gen- 
erated in existing repeater stations and transmitted by the non-carrier 
pairs to the outside cable where it is induced into the carrier pairs. 
Curve D represents the situation at a combined telephone and tele- 
graph repeater station, and Curve C, the situation at a station where 
there are no telegraph repeaters. 

Figure 15 indicates the results after suppression measures have been 
applied. As shown, at the top frequency, which controls the carrier 
repeater section length, these sources of noise have been reduced to be 
well below thermal plus tube noise. It is also shown that the noise due 
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to heavy atmospheric static induced directly into a carrier pair in the 
outside cable is below thermal plus tube noise at the top frequency. 

There are additional types of noise, not shown, whose sources lie 
within the carrier system: e.g., modulation in amplifiers, inter-system 
cross-induction, battery noise. While control of such noise is an 
integral part of the fundamental carrier system design, it is not the 
purpose of this paper to cover this class of noise. 


Conductors Tapping the Carrier Cable 


Carrier noise may come from open-wire pairs which connect to 
conductors in the cable. Its sources may be static; corona on power 
lines; power line carrier or other carrier frequency voltages on power 
lines paralleling the open wire; induction from radio telegraph stations; 
or carrier frequency voltages arising in the office to which the open 
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Fig. 16—Schematic of path followed by induction from open-wire taps. 


wire is connected, such as voltages generated by d-c. telegraph or 
telephone signaling systems. The limited experience to date indicates 
that, in a long cable carrier system, the effect of heavy static will be 
larger than that of the other sources if telephone and power supply 
plants are coordinated so as to be satisfactory from voice frequency and 
low frequency standpoints. Branch cables connected to the carrier 
cable have a similar but generally smaller effect than that of open-wire 
taps. 

Figure 16 illustrates the path followed by this induction. A voltage 
to ground impressed on the open-wire pairs passes by secondary in- 
duction over to the carrier pairs in the cable, and, on account of the 
unbalance to ground of these pairs, produces a metallic voltage on 
these pairs at the repeater input. The effect may be greatly reduced 
by interposing a filter at the junction of the open wire and the cable. 
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It is necessary to filter only the longitudinal circuit at an open-wire 
tap, because: (1) the voltage to ground on the open wire is larger 
than the metallic circuit voltage, and (2) the coupling between the 
longitudinal circuit and the disturbed carrier pair is greater than the 
coupling between metallic circuits. 

Figure 17 is a schematic diagram of the longitudinal filter developed 
for a phantom group. It consists of two longitudinal retardation 
coils and a set of condensers connected between the line wires and the 
cable sheath. This filter has relatively high carrier frequency longi- 
tudinal impedance to minimize effects of impedance in the ground con- 
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Fig. 17—Schematic of longitudinal filter. 


nection. The major portion of the carrier frequency impedance of the 
coils is obtained by designing them to have high core loss at these 
frequencies. The filter has little effect on voice frequency transmission, 
precaution having been taken to hold the transmission loss, crosstalk 
and unbalance to ground to low values. 


Noise Arising in Existing Repeater Offices 


The noise caused by carrier frequency voltages generated in existing 
repeater offices is due to d-c. telegraph, telephone speech and signaling 
voltages, power supply, etc. Figure 1 shows the path by which they 
reach the carrier plant and the means used to suppress them. In this 
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figure, N represents a source of carrier frequency voltage in a repeater 
office, connected to a voice frequency pair which transmits this voltage 
into the outside cable where it is induced on the carrier pairs. These 
voltages are reduced by inserting suppression coils in the longitudinal 
voice frequency paths at the junction between the office and the outside 
cable connected to carrier inputs. 

The design of coils giving the requisite carrier frequency suppression 
without appreciably affecting voice frequency transmission on the 
circuits in which they are connected was difficult. One coil is used for 
each phantom group. Each coil has sixteen windings, four for each 
line wire. These windings are so paired and disposed about the core 
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Fig. 18—Longitudinal impedance and suppression of noise suppression coils. 


as to make possible very small side-to-side and phantom-to-side cross- 
talk between line windings. They also permit obtaining very small 
leakage flux in both the sides and the phantoms; hence the coils intro- 
duce very small transmission loss in their voice frequency circuits. 
The leakage impedance of the coils plus the impedance of the cable stub 
used to connect them into the circuit is held down so that the effect 
on repeater singing and echoes in the voice circuits is very small. 
The coils are so wound that their longitudinal inductance is in anti- 
resonance with their distributed longitudinal capacitance at ap- 
proximately the top cable carrier frequency, resulting in a large increase 
in their suppression in this critical frequency range. The longitudinal 
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impedance of one of these coils, and the approximate suppression which 
a set of them provides, are shown in Fig. 18. 

In addition, the carrier circuits are carefully separated, electrically 
and physically, from existing voice frequency circuits in common re- 
peater stations. To this end the carrier pairs in the outside cable are 
brought out on the line side of the noise suppression coils into a separate 
cable connected directly to a sealed terminal. From this terminal 
they are carried in shielded wire to the units in the carrier office and 
then to a similar sealed terminal leading to the outside cable in the 
opposite direction. Filters for filament and plate battery supply are 
included in the carrier amplifiers and additional filament battery 
supply filters are provided at the carrier fuse panels. 
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A New Single Channel Carrier Telephone System * 
By H. J. FISHER, M. L. ALMQUIST and R. H. MILLS 


The single channel carrier telephone system described in the 
following paper is designated the Type H. It is characterized 
by several new features, making it applicable not only to the needs 
of telephone companies but also to those of railroads, power sys- 
tems and oil companies. Jt replaces the Type D single channel 
carrier system, more than 500 of which are now in operation in 
the Bell System, and, in addition because of its lower cost is 
applicable to shorter distances. It therefore marks another step 
in extending the use of carrier. Reduction in size and provision 
for operating on a-c supply simplify its installation, and its porta- 
bility makes it well suited to provide emergency circuits. 


N open-wire lines where the growth is not rapid, there is frequently 

need for adding telephone circuits one at a time. When the 
Type D single-channel carrier telephone system was developed a few 
years ago it became possible to meet this need without stringing 
additional wires.!. More than 500 of these systems have been placed 
in service in the Bell System plant. A new single-channel carrier 
telephone system, known as the Type H, has recently been developed 
and is now being applied. This new system offers improved per- 
formance, and also, because of its lower cost, is applicable to pro- 
viding service over shorter distances than were economical with the 
earlier system. 

The Type H system, which is characterized by a number of new 
features and special developments, is applicable not only to the needs 
of telephone companies but also to those of railroads, power systems, 
and oil companies.” In the first place it is designed to operate either 
on alternating current or on direct-current plate and filament supply. 
A repeater is available to extend the range of operation. Through 
the use of specially designed but simple filters the system can be 
employed on circuits which are equipped with bridged telephone 


* Presented at Winter Convention of A. I. E. E., New York, N. Y., January 24- 
28, 1938. Published in Electrical Engineering, January 1938. 

! “Carrier Telephone System for Short Toll Circuits,” H. S. Black, M. L. Almquist 
and L. M. Ilgenfritz, A. J. E. E. Transactions, Vol. 48, January 1929, pp. 117-140. 

2“*Carrier Telephone Systems—Application to Railroad Circuits,’ H. A. Affel, 
Proceedings of the Association of American Railroads, Telephone and Telegraph Section, 
October 1936, pp. 654-672. 
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Fig. 1—Installation of Type H carrier telephone system at Charlotte, North Carolina. 
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stations at intermediate points as is frequently the case in railroad 
operation. 

A unique feature is the use of opposite sidebands of the same carrier 
frequency for opposite directions of transmission. The upper side- 
band is used in one direction and the lower sideband in the other, the 
carrier being suppressed. For the modulators and demodulators 
copper oxide ‘‘varistors’’ are employed in place of vacuum tubes. 
The amplifiers are single stage, employ pentode tubes and are stabilized 
in performance by feedback. The filters have been simplified in con- 
struction by the use of coils with a new type of core material and by 
improved designs of paper condensers. 

The size of the new terminal has been so reduced that it occupies 
less than 40 per cent of the space required for a Type D terminal, 
as indicated in Fig. 1. The equipment may be mounted on racks as 
is customary in telephone offices, or a complete terminal or repeater 
may be mounted in a small cabinet. 

Single-channel carrier systems have been used in the Bell System 
principally for short open-wire toll circuits. Thus, the Type D 
systems are for the most part between 50 and 200 miles in length. 
The Type H system, since it includes a repeater, can be used for 
greater distances, and due to its lower cost is economical for shorter 
distances. 


GENERAL DESCRIPTION OF SYSTEM 
Basic System 


The basic system consists of two terminals one of which is referred 
to as an ‘‘east”’ terminal and the other as a ‘‘west”’ terminal, as indi- 
cated in Fig. 2. The two terminals differ only in minor respects, the 
differences being due to the fact that at one terminal the upper side- 
band is transmitted and the lower sideband is received, while at the 
other terminal the reverse takes place. In order to simplify coordina- 
tion between various types of carrier systems operating on the same 
pole line, the frequencies between 7400 cycles and 10,150 cycles are 
transmitted in the east to west (or north to south) direction, and 
the frequencies between 4150 cycles and 6900 cycles in the west to 
east (or south to north) direction. The frequency allocation of the 
Type H system and those for the Type D and the three-channel Type 
CS system are shown in Fig. 3. All three types may be operated on 
the same pole line. 

The circuit arrangement is given in greater detail in Fig. 4, which 
shows a schematic diagram of one terminal, with the exception of the 
power supply circuit. Each terminal is made up of a transmitting 
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branch which includes a modulator, a receiving branch which includes 
a demodulator, and a hybrid coil to combine the two branches into a 
two-wire voice-frequency circuit. The carrier is generated by a 
vacuum tube oscillator which supplies both the modulator and demodu- 
lator. The output of the modulator, which is of the copper oxide 
type, consists principally of the two sidebands. The desired sideband 
is selected by the modulator output filter and an amplifier raises the 
level to that desired for transmission over the line. The demodulator 
is also of the copper oxide type; its output consists principally of the 
two sidebands, one of which is a reproduction of the original voice- 
frequency input. This is selected by means of a low-pass filter and 
applied to a voice-frequency amplifier which provides the necessary 
receiving gain. Adjustable pads serve as a means for adjusting the 
transmitting and receiving gains. The characteristics and functions 
of the various filters are described later. 
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Fig. 3—Frequency allocation. 


For signaling over the carrier circuit, a 1000-cycle signaling system 
is employed. The method is similar to that used on other types of 
circuits, but includes a number of simplifications. The number of 
tubes has been reduced, and the vibrating relays used in the older type 
circuits have been replaced by copper oxide rectifiers and simple d-c. 
relays requiring little maintenance. When 20-cycle ringing current is 
received from the switchboard, the frequency of the carrier supply 
oscillator is shifted by 1000 cycles and its output is interrupted at a 
20-cycle rate, and applied to the input of the transmitting amplifier. 
At the receiving end this appears at the input of the signal receiving 
circuit as a 1000-cycle current interrupted at a 20-cycle rate. It is 
then demodulated in a copper oxide rectifier and the resulting 20-cycle 
current is amplified and applied to a second rectifier the output of 
which is connected to a d-c. relay. Operation of this relay causes 
20-cycle current from a local source to be sent toward the switchboard. 
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Fig. 5—Schematic of a-c. power supply for terminal. 


Freedom from false operation on speech is obtained by tuning the 
receiving circuit to the rate of interruption and by providing a slow 
operating relay such that the signal must persist for several tenths of a 
second before 20-cycle current is passed to the switchboard. 
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Fig. 6—Terminal panel—front view. 
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The power supply circuit, which is shown in Fig. 5, operates from 
an alternating-current source of 100 to 130 volts, 50 to 60 cycles, and 
requires about 50 watts. It supplies alternating current for the fila- 
ment supply, 160 volts direct current for plate supply and 24 volts 
direct current for relay operation. Provision is also made for direct 
operation from 24-volt and 130-volt central office batteries. 

The equipment for a terminal is mounted on two panels. One of 
these, shown in Fig. 6, is 15} inches by 19 inches in size and contains 
all the apparatus except the line filter circuit. The second panel, 
shown in Fig. 7, is 3} inches by 19 inches and contains the line filters, 
and other equipment which is required for balancing purposes. 


Fig. 7—Line filter and balancing panel—front view. 


Repeater 

A schematic of the repeater is shown in Fig. 8. The amplifiers are 
the same in design as the transmitting amplifier at the terminals. 
Two sets of line filters are required and are identical with those used 
at the terminals. The a-c. power supply circuit is substantially the 
same as the one used at the terminals except that the 24-volt supply 
for relay operation is omitted. The power required for operation is 
about 35 watts. 

The complete repeater consists of three panels—the repeater panel, 
which is 105 inches by 19 inches, and two line filter and balancing 
panels. The repeater panel is shown in Fig. 9. 


TRANSMISSION PERFORMANCE 
Line Considerations 
In outlining the transmission performance of the system, it is 
necessary to consider the characteristics of the lines as well as those 
of the equipment. At carrier frequencies the line losses and the 
variations in these losses with weather are considerably greater than at 
voice frequencies. This is illustrated in Fig. 10, which shows the 
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attenuation-frequency characteristics for four commonly employed 
gauges of open-wire line under dry and wet weather conditions, re- 
spectively, at a temperature of 68° F. These curves are for 12-inch 
spaced copper wires equipped with the type of insulators ordinarily 


Fig. 9—Repeater panel—front view. 
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Fig. 10—Attenuation of open-wire side circuits—12-inch spaced copper wire with 
double petticoat glass insulators. 


employed for toll circuits. Changes in temperature also affect the 
attenuation, the loss increasing as the temperature rises. The varia- 
tions due to changes in temperature are, however, smaller than those 
due to changes from dry to wet weather and are more likely to occur 
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gradually. It is apparent that the variations in attenuation with 
weather increase with the length of the system, and that more frequent 
adjustments will be required on the longer systems to maintain the 
overall circuit net loss within given limits. 

The carrier frequency attenuation of cable circuits is much greater 
per unit length than that for open-wire lines. Hence, the losses 
introduced by comparatively short sections of cable, either at entrances 
to offices or at intermediate points, are of considerable importance. 
In addition to the attenuation of the cable itself, there are large re- 
flection losses at the junction of the cable and the open wire, due to 
the difference between the characteristic impedance of the open-wire 
and that of the non-loaded cable. The carrier terminal and repeater 
have been designed to have the same impedance as the average of 
the open-wire line facilities, so the same considerations apply at the 
junction of the cable and the carrier equipment. As an example of 
the magnitude of these effects, the insertion loss at 8000 cycles of two 
miles of non-loaded 16-gauge cable is approximately 6 db, or about 
the same as that of 60 miles of 104-mil open-wire. 

By applying carrier loading that has been developed for this purpose, 
the attenuation loss of such a cable can be reduced to about 1 db at 
8000 cycles. In addition, the reflections at the terminals of the cable 
will be reduced to satisfactory low values by virtue of the impedance 
matching properties of the loading. This method of treatment has 
the important advantage that it improves the transmission charac- 
teristics in both the voice and carrier ranges. 

In cases where substantial transmission margins exist, it is sometimes 
practicable to use impedance matching transformer networks at the 
cable terminals, as a substitute for carrier loading, with economies 
that are proportional to the length of the cables. At the present 
stage of development, this so-called transformer treatment is much 
less satisfactory in the voice-frequency range than in the carrier- 
frequency range. Certain inherent limitations in simple transformer 
treatment result from the fact that the ratio of the (non-loaded) 
cable impedance to the open-wire impedance varies widely over the 
frequency band to be transmitted, and the transformer impedance 
ratio that is optimum at carrier frequencies is distinctly disadvan- 
tageous in the voice-frequency range. The choice of optimum trans- 
former ratio for the complete transmission band may thus involve 
different compromises for different sets of conditions and service 
requirements. 

Where several carrier systems are to be placed on a pole line, cross- 
talk between systems becomes an important consideration. Where 
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only a few single-channel systems are involved, it is sometimes possible, 
by separating the systems widely on the pole line, to operate with only 
the regular voice-frequency transpositions, but, in general, additional 
transpositions are required. A comparatively inexpensive trans- 
position system for this purpose was designed at the time the Type D 
system was developed. It permits operation of Type H systems on all 
pairs of a four-crossarm line with the exception of the pole pairs, and 
Type C three-channel systems on the top crossarm. In addition to 
transposing it is important that reflections at junctions between open 
wire and cable be reduced as described above, in order that near-end 
crosstalk will not through reflection appear as crosstalk at the distant 
terminal of the system. 


Range of Operation 


The terminals and repeaters have sufficient load carrying capacity 
so that they may be operated at an output level 16 db above that at 
the transmitting toll switchboard. About 19 db transmitting gain and 
14 db receiving gain are available at each terminal, of which a total of 
20 db may be used at the east terminal and 22 db at the west terminal. 
The lower permissible loop gain (sum of transmitting and receiving 
gains) at the east terminal is not controlling, since the line loss is 
greater for the frequencies used in the east to west direction than for 
those used in the west to east direction. Thus, the terminals are 
capable of providing a 9 db circuit over a line the attenuation of which 
does not exceed 31 db at 8150 cycles and 29 db at 6150 cycles. These 
figures correspond roughly to the wet weather attenuation of about 280 
miles of 104-mil open wire where no intermediate cable or equipment 
is involved. The presence of even a small amount of cable will con- 
siderably increase the attenuation so that in most cases the distance 
which can be spanned is not greater than 150 to 200 miles, and may be 
even less. 

Where greater distances are to be covered, an intermediate repeater 
may be added. The repeater has a useful gain of about 23 db in each 
direction, with some flexibility as to allocation of gains between the 
two directions of transmission. More than one intermediate repeater 
can, of course, be employed, although as the system is lengthened 
maintenance effort will be increased, as more frequent adjustments of 
the overall net loss will be required to compensate for the variations 
in line attenuation with weather. No provision is made for a pilot 
channel such as is generally provided on the long multi-channel 
systems, and adjustments of overall net loss must be made manually. 
Also, no provision has been made for equalizing the variation in line 
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attenuation with frequency. These factors are not important on the 
shorter circuits for which the system has primarily been designed. 


Overall Transmission Characteristics 

The circuit provided by a Type H system without a repeater has a 
band width of about 2750 cycles, extending from about 250 to 3000 
cycles. This is somewhat wider than that for the Type D system. 
The introduction of repeaters will tend to narrow the band somewhat. 
Representative frequency characteristics are shown in Fig. 11. One 
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Fig. 11—Representative overall circuit net loss characteristic of system. 


set of characteristics is for a typical circuit without a repeater, and the 
other for a circuit including two repeaters.’ It is assumed that the line 
conditions are such that no large reflection effects are present. 

The band width is limited principally by the characteristics of the 
band filters. The small differences in the characteristics for the two 
directions of transmission are due partly to differences in the filters 
and partly to the fact that the attenuation of the line increases with 
frequency and is greater at the 3000-cycle point in the east-to-west 
channel than for the 3000-cycle point of the west-to-east channel. 
As the circuit is increased in length this difference tends to increase. 

Variations in overall circuit net loss are due largely to variations in 
the loss of the high-frequency line. For a circuit 200 miles long these 
may amount to + 3db. The key controlled pads which are included 
at each terminal and repeater are provided for making adjustments to 
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compensate for these variations. Variations due to the equipment are 
small in comparison with the line variations. The transmitting gain 
at a terminal may vary + 0.5 db and the receiving gain + 0.3 db for 
variations of + 10 volts in the a-c. supply. With a more stable a-c. 
supply or when operated from regulated plate and filament batteries 
such as are employed in the larger telephone offices, these variations 
will be less than half the figures given above. With suitable main- 
tenance it should be possible to maintain the overall circuit net loss 
within + 2 db of its normal value. 

A representative load characteristic, as measured with 1000-cycle 
current for a system without a repeater, is shown in Fig. 12. Ona 
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Fig. 12—Representative system load characteristic. 


repeatered system some additional limiting of high inputs may occur. 
However, even on repeatered systems, there should be no noticeable 
distortion for input volumes such as are obtained directly from a 
switchboard. 


Reactions on Voice Frequency Circuit 


In superimposing a carrier system on a voice-frequency circuit, line 
filters are added to provide separate paths for the voice and carrier 
circuits. The introduction of a filter in one side of a phantom group 
requires the addition of a network on the other side to maintain the 
balance of the phantom circuit from a noise and crosstalk standpoint. 
It is also necessary for return loss reasons to balance these units in the 
network circuits of voice-frequency repeaters that may be located at 
the same point as a carrier terminal or repeater. The networks re- 
quired to take care of these conditions are included with the carrier 
system. 

In some cases it is desired to apply the Type H system to circuits 
equipped with bridged telephone stations at intermediate points. 
Such arrangements are common on railroad communication systems, 
and occur to a small extent in the Bell System. In such cases, ex- 
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cessive interference into the carrier system due to talking at the way 
station, and into the way stations due to talking on the carrier system, 
is likely to occur unless suitable filters are provided at each way station. 
A simple filter for this purpose has been developed for use with the 501 
type subscribers set, and work is proceeding on a similar filter for use 
with other types of subscriber sets. 

The line filters and the filters for use at way telephone stations each 
introduce a loss of about 0.15 db to the through voice-frequency 
transmission. Where the voice-frequency circuit is equipped with 
repeaters and return loss conditions permit, these additional losses 
may be taken care of by readjusting the voice-frequency repeater 
gains. In extreme cases, particularly where a considerable number of 
filters are to be added, it may be necessary to resort to other means of 
improving the transmission on the voice-frequency circuit, such as 
loading of incidental cables or the addition of a voice-frequency 
repeater. 

On circuits equipped with way stations, selective signaling by means 
of selectors is sometimes used. Such signaling systems are generally 
arranged to apply an ‘‘answer back”’ tone to the line when a station 
has been called to indicate to the calling party that the selector has 
operated. This tone contains a considerable amount of high-fre- 
quency currents so that it is necessary to modify the selector circuit to 
filter out the high frequencies. The modification is a simple one and 
makes the answer back tone inaudible on the carrier circuit. 


DESIGN FEATURES 
In the development of the Type H system advantage was taken of 
many new devices which have been perfected in recent years, adapting 
them to the particular conditions of this application. A discussion 
of the more interesting features relating to the design of the various 
parts of the system is given below. 


Modulators 


The modulator and demodulator used in the Type H system are of 
the double-balanced copper-oxide type. Each modulator or de- 
modulator consists of an input transformer, an output transformer, a 
copper-oxide “‘varistor’’ and a carrier supply. Although the modu- 


lators are bilateral, in the present application they are used in one 
direction only. The varistor consists of 48 copper-oxide discs 
assembled on a single bolt and connected as shown in Fig. 13. 

The principal advantage of this type of modulator or demodulator 
is that in the ideal case (and to a lesser degree in the practical case) 
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each modulation product appears only in one of the four branches of 
the circuit. For example in the case of the modulator, if a voltage of 
frequency “ V”’ is applied to the input and a voltage of frequency ‘‘C”’ 
is applied by the carrier supply circuit, resulting products of modula- 
tion will appear in the ideal case as shown in Fig. 13. It is obvious 
that the only unwanted products in the output which cannot be sup- 
pressed by filters or balance are those which are of the frequency 
(C + AV) which for some values of A and V fall in the frequency 
range of the desired sideband (C + V) or (C — V). 

These components, however, are normally more than 50 db weaker 
than the sideband and are not noticeable. Of course, the term AV 
represents not only odd harmonics of V but odd order intermodulation 
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C = FREQUENCY OF APPLIED CARRIER : Ec— 


V = FREQUENCY OF INPUT H 
Fig. 13—-Simplified schematic of copper oxide modulator. 


products such as (2V,;+ V2). The relative amplitudes of the 
(C + AV) terms increase with load in a similar manner to that for 
the distortion products of an amplifier as the overload point is ap- 
proached, and the effect on articulation is the same. 

For the actual case the modulator balance is not perfect ané all 
products and the original frequencies co appear in all branches of 
the circuit including the output. However, the balance in most cases 
is greater than 30 db and the filter requirements are helped to that 
extent over some portions of the frequency range. This is particularly 
helpful in connection with suppressing the carrier from the output and 
input since it lies only about 200 cycles from the pass band and it 
would be costly to obtain all of the suppression required by means of 
filters. 

With a single disc in each arm, taking the factory run of discs and 
making no attempt to select units, the balance for many assemblies 
would be less than 15 db. By selecting units, this balance could be 
improved to any desired amount. In the present design, however, to 
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save the cost of selection, twelve discs were used per arm to obtain 
the better balance resulting from the averaging of the characteristics 
of a large number of discs. There is some sacrifice in efficiency due to 
using the large number of discs but in this application it was of minor 
importance. 

The averaging obtained by using twelve discs in each arm is helpful 
in several other respects. First, the normal impedance, transmission 
and balance do not vary greatly from unit to unit. Secondly, although 
each disc has a negative coefficient of resistance vs. temperature and 
there is a variation in the coefficient among discs, the average coefficient 
of twelve discs chosen at random will be very nearly equal to the 
average of any other twelve discs chosen at random and the balance 
between arms will, therefore, remain practically constant with tem- 
perature, even though the impedance and efficiency vary. A similar 
advantage is obtained in the case of aging and a good balance is ob- 
tained throughout the life of the equipment. 
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Fig. 14—Schematic diagram of oscillator circuit. 
Oscillator 


As mentioned previously the same carrier (suppressed) frequency is 
used for transmission in both’ directions, thus requiring a single 
oscillator instead of two as in the Type D system. The principal 
requirement for an oscillator for this use is that its frequency remain 
stable under the variations in power supply voltage and temperature 
which will occur. The new design, which is shown schematically in 
Fig. 14, provides a degree of stability such that no operating adjust- 
ments will be required due to these factors. Relatively high stability 
with changes in temperature is obtained by balancing the positive 
capacitance-temperature coefficient of the copper-oxide load and the 
mica tuning condenser against the negative coefficient of the paper 
tuning condenser. 
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The stability of frequency with plate voltage variations is about 
5/10° parts per volt. This is adequate and was obtained without the 
use of an expensive tuning inductance. The coil used, which also 
serves as output and feedback transformer, has a ratio of reactance to 
resistance of about 20 and is an air-core solenoid potted in a copper can. 


Amplifiers 

Both the receiving and transmitting amplifiers employ a single 
pentode with about 9 db feedback. For this amount of feedback, 
the variations of gain and impedance due to power supply variations 
are reduced to at least one-third of the amount of the variation ob- 
tained without feedback, and the load-carrying capacity is increased 
about 1 db. 

The two amplifiers differ in that the frequency range transmitted is 
different and in that the output transformer of the receiving amplifier 
also acts as an inequality ratio hybrid coil to separate the receiving 
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Fig. 15—Simplified schematic of amplifier. 


signaling circuit from the two-wire voice circuit. The two circuits are 
shown in Fig. 4. In each case, the feedback is accomplished by means 
of a bridge circuit in the output ang a series connection in the input. 
This can be more readily ‘Seen from Fig. 15, which is a simplified circuit 
representing both amplifiers. There is a considerable saving in circuit 
elements as compared to the familiar resistance bridge feedback con- 
nection. The output power loss due to shunt arms of the resistance 
bridge is eliminated. Furthermore, the impedance of the feedback 
circuit is relatively low, and consequently some wiring difficulties were 
avoided. In this application, the bridge is unbalanced, and the im- 
pedance Z, is a function of KRy. As a result, it was convenient to 
adjust Z, to the optimum value by choosing the proper value of K Ro. 
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Filters 

Filters constitute an important part of the Type H carrier system. 
They represent about 30 per cent of the cost of the terminal and 
occupy about 25 per cent of the total space. 

The various filters required at a terminal are indicated in Fig. 16. 
The transmission characteristic of each filter is given in miniature 
above or below the block representing the filter. 

The high-pass and low-pass line filters separate the ordinary voice 
telephone channel and the added carrier telephone channel made 
available by this system. The low-pass line filter passes voice fre- 
quencies and suppresses all other frequencies. The high-pass line 
filter passes the carrier frequencies and suppresses the voice frequencies. 
Each filter offers a high impedance to the frequencies passed by the 
other, and bridges off only a very small part of the energy of these 
frequencies. 

The remaining filters are associated with the carrier terminal proper, 
where they serve to separate the transmitting and receiving paths and 
suppress unwanted frequencies. The voice frequencies pass through 
the hybrid coil and the transmitting low-pass filter to the modulator. 
This filter limits the path between the hybrid coil and the modulator 
to voice frequencies only. Modulation of the voice with the carrier 
frequency of 7.15 kc. produces two sidebands extending from 4.15 to 
6.90 ke. and from 7.40 to 10.15 ke. At an east terminal, the upper 
sideband is transmitted, and the modulator output filter passes this 
sideband and suppresses the lower sideband, together with other 
unwanted modulation products. In this manner it limits the load on 
the amplifier to the desired sideband. The transmitting directional 
filter offers further suppression to frequencies lying outside this band. 
The receiving directional filter will not pass this band but has a high 
impedance to these frequencies. The high-pass line filter passes all 
frequencies above roughly 3.5 ke. and, therefore, this band passes 
through it readily and out onto the line for transmission to the distant 
terminal. Transmission from a west terminal is identical in principle 
but here the lower sideband is passed by the modulator output filter 
and transmitting directional filter while the upper sideband is sup- 
pressed. 

It is apparent from Fig. 16 that the received sideband coming in on 
the line from the distant repeater or terminal is operated upon by the 
filters in a reverse manner from that described above for the trans- 
mitted sideband. The incoming frequencies are directed through the 
receiving directional filter to the demodulator, where modulation with 
the original carrier reproduces the voice frequencies together with 
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other modulation products. The desired voice-frequency band is then 
separated from these products by the receiving low-pass filter. 

In addition to performing the function of selecting desired and re- 
jecting undesired currents, a filter, if operating in parallel with another 
as in the case of the directional filters or the line filters, should offer a 
high impedance to the transmitted currents of the other and thus 
prevent an excessive drain of these currents. Since these filters are 


Fig. 17—Filter (with cover cut away) showing general method of assembly. 


designed for operation in parallel, either filter operated without the 
other would have somewhat different electrical characteristics. 

The economies and reduction in size of these filters as compared to 
those of the Type D system are due to several factors. Improved 
paper condensers having the required stability are used. Compared to 
mica condensers, these condensers are less costly and smaller for a 
given capacity. Moreover, at a very slight increase in cost paper 
condensers are used which will withstand 1000-volt line surges. Most 
of the condensers of the Type D system were designed for only 500-volt 
protection. 

New types of coils with molybdenum permalloy cores having the 
necessary stability and low hysteresis losses are employed instead of 
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the air core solenoidal coils used in the Type D system. Since these 
new coils have less dissipation, the filters have flatter and wider trans- 
mission bands which contribute to improve telephone quality in the 
system. These coils are toroidal in shape and have very small stray 
fields and therefore small coupling with any nearby coils. This 
permits them to be packed closely together, which results in a.large 
decrease in the size of the filters. A further reduction in size and 
cost of the filters was effected by dispensing with individual containers 
for each coil. The elements of the filter are wired together and held in 
place in the filter can by a potting compound. This is poured around 
them, hermetically sealing the whole assembly. 

The small size of the elements and the very low coupling between 
them permit the assembly of more than one filter in the same can. 
For example, by a careful placing of the elements it was possible to 
place the transmitting and receiving low-pass filters and the modulator 
output filter in one can approximately 3} inches by 4} inches by 4} 
inches in size. A photograph of a high and low-pass line filter with the 
can cut away is shown in Fig. 17. The filters for a terminal of this 
system require 70 square inches of mounting space or about 1/5 of 
that required for those of a Type D system. 


CONCLUSIONS 

The development of the Type H system is another step in extending 
the use of carrier systems. Improvements in performance and simplifi- 
cations which are effective in reducing its cost as compared with the 
Type D system which it supersedes have been obtained. Reduction 
in size and provision for operation on a-c. supply simplify its installa- 
tion, particularly in outlying offices where suitable d-c. power supply 
is not ordinarily available. Its portability makes it well suited to 
provide additional circuits required in cases of emergency. The 
Type H system is expected to have a large application in the Bell 
System telephone plant, and in addition to provide carrier circuits for 
the communication systems of other companies. 
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Abstracts of Technical Articles from Bell System Sources 


Directional Ferromagnetic Properties of Metals! R. M. Bozortn. 
This is a review of the magnetic properties of single crystals of iron, 
cobalt and nickel and their alloys with each other. After a general 
introduction and a description of recently developed technique some 
new results are described which show for the first time that such 
crystals are anisotropic in low as well as in high fields. ‘The amount of 
anisotropy is expressed usually by one ‘“‘anisotropy constant’ but 
sometimes a second constant is necessary. These constants vary with 
composition and temperature and their values are shown in tables and 
curves. When the constants are small the material is especially 
sensitive to strain and heat-treatment; this condition applies to some 
of the iron-nickel alloys (permalloys). Small amounts of impurities 
affect the magnetic properties in low fields. By careful purification 
and heat-treatment several crystals have been made which have 
permeabilities of over 1,000,000. 


Use of Negative Regeneration in Radio Receivers.2 C. B. FISHER. 
This paper gives a brief and simple explanation of gain stabilization 
which can be secured by employment of the feedback property of an 
amplifier. 


Electron Diffraction Studies of Cuprous Oxide’ L. H. GERMER. 
Etched surfaces of single crystals of cuprous oxide produce electron 
diffraction patterns consisting of spots and Kikuchi lines. In some 
cases lines are observed corresponding to all of the most widely spaced 
planes of copper atoms which are so situated as to be able to give 
reflections on the photographic plate. An example is given, however, 
of a diffraction pattern from which lines due to the most widely spaced 
plane of atoms (111), are missing when this plane lies parallel to the 
primary beam direction; the lines appear when the crystal is rotated 
to destroy this parallelism. The existence of Kikuchi line patterns 
indicates that the surfaces of etched cuprous oxide single crystals are 
relatively smooth. When spot patterns also appear they show anoma- 
lies which seem attributable to refraction, thus confirming the con- 
clusion regarding smoothness. An example is given of an array of 


ge of Applied Physics, September 1937. 
M. A. Engineer, November 1937. 
3 Pye Rev., November 1, 1937. 
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spots made up of three distinct patterns which are displaced with 
respect to each other and with respect to the primary beam position. 
Polycrystalline surfaces made up of rather large crystals produce 
patterns of spots which are often drawn out into streaks lying ap- 
proximately parallel to the plane of incidence. This effect, which is 
attributable to refraction and is a proof of smoothness of the surface, is 
most pronounced after etching in nitric acid. It is rarely, or never, 
found after etching in a mixture of hydrogen peroxide and ammonium 
hydroxide. Nitric acid etch produces upon the surface of a single 
crystal of cuprous oxide, or upon a polycrystalline surface made up of 
rather large crystals, crystals of some new compound which are cubic 
with cell edge 8.35A. These are sharply oriented with one or another 
of the most important planes parallel to the gross surface plane of the 
oxide. The sharpness of this orientation is proof of the flatness of the 
underlying oxide surface upon which the crystals are formed. This 
new 8.35A structure is produced by potassium cyanide etch as well as 
nitric acid, but never by sulphuric acid nor by ammonium hydroxide. 


On the Ionization of the Region W.M.Goopa.v. In this paper 
the available data on F2 region ionization for Peru, Australia, and this 
country are analyzed in a way that permits the separation of effects 
due to variations in solar ionizing force from effects due to seasonal 
and annual changes. It is shown that for constant solar activity the 
expected curves of critical frequency for Australia and this country 
appear to indicate both seasonal and annual tendencies. It is sug- 
gested as a possibility that the apparent ‘‘annual”’ effect may in fact 
be due to meteorological conditions which cannot be eliminated with- 
out data from more locations. 


Coupling Between Parallel Earth-Return Circuits Under D-C Transient 
Conditions.» K. E. Goutp. In tests conducted in connection with 
several d-c railway electrifications, the induced voltages recorded in 
paralleling communication circuits at times of short circuit on the 
railway have shown marked divergences from values computed on the 
basis of uniform garth resistivity and a rate of change of earth current 
determined from measurements in trolley and rail circuits. Due to 
the numerous factors which might contribute to these divergences, 
such as non-uniform division of transient current along the tracks and 
associated return conductors, the presence of shielding conductors 
along or near the right-of-way, etc., it was felt that a better under- 
standing of the problem of induction under d-c transient conditions 


4 Proc. I. R. E., November 1937. 
5 Elec. Engg., September 1937. 
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could be obtained by experimental studies of the transient coupling 
between parallel earth-return circuits, free from the effects of shielding 
conductors, and with concentrated, rather than distributed, grounds. 
The study described in this paper was undertaken for this purpose. 


Energy of Laitice Distortion in Cold Worked Permalloy® F. E. 
HawortH. The lattice distortion produced by severe cold working of 
permalloy of 70 per cent Ni content has been studied by measuring the 
broadening of the reflection of the Fe Ka doublet by the (311) planes, 
with a focusing camera. The broadening decreases upon annealing 
and recovery is complete at 650° C, when the breadth of the x-ray 
intensity curve at half-maximum is as small as that obtained by use 
of the two-crystal spectrometer. The mean square distortion in the 
lattice spacing due to cold work is derived from the X-ray measurements 
after photometering the x-ray film, converting the curve into an x-ray 
intensity curve, fitting the latter with an empirical equation and using 
an analysis worked out by S. O. Rice. The energy of the distortion 
is then calculated by using an equation derived by G. R. Stibitz. The 
root-mean-square distortion was found to be 0.31 per cent of the lattice 
spacing after the material had been reduced 96 per cent in cross- 
sectional area by cold working. The energy of distortion in the hard 
worked condition is thus found to be 23 X 10° ergs/cm’® or 0.065 
calorie/gram. 


Optical Constants of Rubidium and Cesium.? HERBERT E. IVES AND 
H. B. Briccs. In previous papers the authors have presented the 
results of measurements of the optical constants of potassium and 
sodium in the ultra-violet and visible ranges of the spectrum, with a 
description of the apparatus used and the method of making measure- 
ments. The present paper deals with the results of measurements of 
the optical constants of rubidium and cesium by the same methods and 
for the same wave-length range. As with sodium and potassium, 
previous investigations of the optical constants of these metals were 
confined to the visible region of the spectrum. 

The author's original interest in these constants lay in their applica- 
tion to the theory of photoelectric emission from thin films. In order 
to test this theory a knowledge of both the refractive index and the 
extinction coefficient of the metals concerned is needed for the spectral 
range embracing the characteristic photoelectric emission of the thin 
— The work described in this paper is intended to supply this 
need. 


6 Phys. Rev., September 15, 1937. 
7 Jour. Opt. Soc. Amer., November 1937. 
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Minimum Noise Levels Obtained on Short-Wave Radio Receiving 
Systems.’ Karu G. JANsKy. The theoretical minimum noise level 
of receivers in the absence of any interference, the source of which is 
external to the receiver, is discussed and compared with the limit 
actually measured on various antennas over a limited frequency 
range in the short-wave spectrum. It is pointed out that, on the 
shorter wave lengths and in the absence of man-made interference, the 
usable signal strength is generally limited by noise of interstellar origin. 
The powers obtained from this noise with the various antennas and 
for different times of the day are given. 

Recently, man-made interference, of which that caused by diathermy 
machines constitutes the greatest part, has become so extensive that 
it is now the limiting noise during most of the daylight hours. Data 
are given on the intensity and extent of this form of interference. 


Superstructures in Alloy Systems.2. Foster C. Nix. A review of 
the literature treating superstructures in alloys. The presence of a 
superstructure produces new X-ray diffraction lines,—commonly 
called superstructure lines. The elements of superstructure theories 
are presented including the Bragg-Williams and Bethe-Peierls treat- 
ments. The author discusses the effect of a superstructure or an 
ordered phase on the thermal, mechanical, electrical and magnetic 
properties of alloys. A comparison is made between the theoretical 
predictions and the experimental results for both the specific heat and 
the energy of transformation. A Cu;Au alloy becomes disordered 
more rapidly near the critical temperature of order, Tc, than the 
theories predict. A large anomalous specific heat is observed above 


Tc,—as predicted by the Bethe-Peierls theory. 


Moment Recurrence Relations for Binomial, Poisson and Hyper- 
geometric Frequency Distributions... JOHN RiorDAN. This paper 
gives a uniform development of recurrence relations for moments about 
the origin and mean of binomial, Poisson, and hypergeometric fre- 
quency distributions. Uniformity is obtained through the use of the 
moment arrays of H. E. Soper. Both types of moments are expressed 
in terms of coefficients which are alike for the three distributions; for 
the moments about the origin these coefficients are the Stirling num- 
bers of the second kind. Moment recurrence relations follow from 
recurrence relations for these coefficients. The recurrences for the 
hypergeometric moments appear to be new. For working purposes, 

8 Proc. I. R. E., December 1937. 


9 Jour. Applied Physics, December 1937. 
10 Annals of Math. Statistics, June, 1937 
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moments about the mean of binomial and Poisson distributions are 
expressed in terms of auxiliary moment coefficients with recurrence 
relations which also appear to be new. 


Extending the Frequency Range of the Negative Grid Tube A. L. 
SAMUEL. The conventional vacuum tube when adapted for use at 
ultra-high frequencies carries with it many of the desirable attributes 
which it possesses at lower frequencies, such for example as its ability 
to amplify and the ease with which satisfactory frequency stability 
can be obtained. However, difficulties are encountered because of the 
effects of the finite electron transit time and because of certain circuit 
limitations. Methods of circumventing these restrictions are discussed 
and illustrated by reference to specific tubes. The paper closes with a 
brief review of recent work directed toward extending the frequency 
range of the negative grid tube both as an oscillator and as an amplifier. 


Transmission Theory of Plane Electromagnetic Waves.” S. A. 
SCHELKUNOFF. This paper deals with transmission theory of plane 
electromagnetic waves in free space and in cylindrical regions of 
arbitrary cross section. Transmission properties of such waves can 
be expressed very simply in the same terms as the properties of electric 
waves guided by a pair of parallel wires. The earlier parts of the 
paper are concerned with general theorems and the latter parts with 
their application to plane waves in metal tubes of circular and rec- 
tangular cross sections. 


The Empty Lattice Test of the Cellular Method in Solids.“ W. 
SHOCKLEY. The cellular method of constructing wave functions for 
electrons in crystals developed principally by Wigner and Seitz and 
Slater is tested by applying it to an artificial crystal in which the 
potential is constant. Knowledge of the exact solutions for this case, 
plane waves, shows that the cellular method is quite accurate in the 
first Brillouin zone but may be in error by a factor of two in the second. 
Hence calculations of occupied levels in Li and Na are probably quite 
good; for Cu, Ca, diamond, LiF, and NaCl the errors will be larger. 
Calculations of excited states are likely to be very much in error. The 
accuracy of the cellular method is shown to improve very slowly with 
increasing number of continuity conditions. 


Sound Propagation in Ducts Lined with Absorbing Materials.“ L. J. 
SiviAn. In ventilator and exhaust systems it is desirable to provide 


1 Jour. of Applied Physics, October 1937. 
12 Proc. I. R. E., November 1937. 

18 Phys. Rev., October 15, 1937. 

4 Jour. Acous, Soc7Amer., October 1937. 
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a high degree of attenuation for audio-frequency waves while offering 
low resistance to continuous or slowly pulsating air flow. For that 
purpose ducts lined with absorbing materials are sometimes used. 
This paper deals with sound propagation, particularly with its at- 
tenuation constant, in such ducts. Two types of lining are considered: 
(a) non-vibratile, i.e., a lining in which there is no wave motion propa- 
gated in the direction of the duct axis; (b) vibratile, i.e., a lining admit- 
ting of such motion. Methods for computing the propagation con- 
stants in terms of the acoustic constants of the lining, are given. Some 
experimental data are presented. Comparison of observed and 
computed values indicates that the computational procedure is sub- 
stantially valid up to a frequency at which the sound wave-length is 
about twice the internal duct diameter. 


New Experimental Methods Applicable to Ultra-Short Waves.& G.C. 
SOUTHWORTH. This paper presents a new approach to the problem 
of electrical measurements at extremely high frequencies. It makes 
use of a relatively new principle whereby electromagnetic waves may 
be propagated through the interiors of hollow metal tubes. These 
tubes have for convenience been called wave guides. Their diameters 
must be at least 0.585 wave-length in order that power may be propa- 
gated. Some of the difficulties of previous methods have been in- 
cidental to radiation and spurious coupling effects. These have been 
largely eliminated by this method since the power resides almost 
entirely within the pipe. Short sections of wave guide may be made 
to resonate electrically much as organ pipes and air columns resonate 
acoustically. A high degree of sharpness may be obtained. Such a 
pipe may, therefore, play the role of a resonant circuit and become 
effectively a wave meter, a frequency determining unit for an oscillating 
vacuum tube or an impedance matching device. Specimens under 
study may be placed inside a resonant chamber and be subjected to 
electric fields of controlled intensities. 


Preparation of Large Single Crystals of Sodium Chloride.’ H. 
WALTHER. An apparatus and a method are described, whereby 
single crystals of sodium chloride are produced in the form of bars 
2 cm in diameter and 30 cm long. The crystal is drawn from the 
melt by means of a platinum rod which is dipped into it and which is 
raised and rotated simultaneously by a clock mechanism. An air 
stream from a circular nozzle surrounding the growing crystal im- 
mediately above the surface of the molten salt provides the steep 


% Jour. Applied Phys. October 1937. 
16 Rev. Sct. Instruments, November 1937. 
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temperature gradient necessary for the continuous growth of the crys- 
tal. The orientation of the crystal with respect to the axis of the bar 
may be chosen at will. 


Magnetic Properties of Single Crystals of Silicon Iron.” H. J. 
WILtiAMs. The magnetization curves for the [100], [110] and [111 } 
directions of single crystals of iron containing 3.85 per cent silicon were 
obtained from single crystal specimens cut in the form of hollow 
parallelograms so that the sides of each specimen were parallel to the 
tetragonal, digonal or trigonal axes, respectively. This method avoids 
the errors due to demagnetizing fields, inherent in previous measure- 
ments on single crystals. In addition to the well-known anisotropy at 
magnetizations above half of saturation, the data show for the first 
time considerable anisotropy at low magnetizations. A maximum 
permeability of 1,380,000, by far the highest ever reported for silicon 
iron, was observed in the [100] specimen after careful annealing. 
The magnetic anisotropy constants K, and K, were obtained from the 
magnetization curves and from torque measurements on a disk cut 
parallel to a (110) plane. 


The Quest of Vitamin B,.'° R. R. WiLtiAMs. An account is given 
in semi-popular form of the events which led to a recognition of a 
dietary deficiency as the cause of Oriental beriberi. The steps are 
indicated which led to the isolation and synthesis of the lacking sub- 
stance which is now known as vitamin B;. The author began his re- 
searches on this subject in Manila in 1910 and has prosecuted them 
continuously since that time. In 1936 he had the gratification of 
effecting with Dr. J. K. Cline of Merck and Company a practical 
synthesis of this vital compound so that it is now produced artificially 
much more cheaply than it can be obtained in pure form from nature. 

In presenting his work on the architecture of the molecule and its 
artificial reconstruction from synthetic sources, the author endeavors 
to make clear to the layman by analogy and otherwise the methods 
which the organic chemist employs in such a study. The highly in- 
ferential deductions concerning complex interatomic relationships 
which result from tearing the natural molecule apart reach a dramatic 
verification only when one finds he has actually reproduced in the 
laboratory the precise product of nature’s art. 


17 Phys. Rev., October 1, 1937. 
18 Jour. Franklin Institute, November 1937. 
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